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Abstract 
This thesis explores novel adsorbents for separation of three different types of gas mixtures found in 
liquified natural gas processes (a) CO2 from CH4 and N2, (b) CH4 from N2, and (c) helium from N2 
and CH4. These separations represent challenging operations in natural gas processing because the 
conventional technologies to remove CO2 such as amine absorption units, reject N2 and recovery 
helium by cryogenic distillation are capital and energy intensive. Cyclic adsorption processes such as 
pressure swing adsorption (PSA) have potential as alternative technologies to reduce equipment costs 
and improve energy efficiency in liquified natural gas (LNG) production facilities, especially for 
small-scale plants. However, there are several challenges related to the development of adsorbents 
required to advance PSA technologies for natural gas processing. These include the development of 
adsorbents with excellent selectivity, low-pressure drops, and low production costs.  
Chapters 4 and 5 of the thesis report novel carbon foam monoliths that have several potential 
advantages such as lower pressure drops, better heat transfer properties, lower void fractions and 
higher mechanical strength in fixed-bed adsorption processes over pellets or granular adsorbents. In 
Chapter 4 I report pitch-derived carbon foam monoliths, and in this chapter I investigated the effects 
of using coal as a filler particle and the amount of potassium hydroxide on the stability of tar pitch 
during the foaming process, the product’s density, and the micropore structure. These pitch-derived 
carbon monoliths featured an open-cell structure and a well-developed microporosity that presented 
a BET specific surface area of 1044 m2.g-1. At 298 K and pressures close to 3500 kPa the adsorption 
capacities of the carbon monolith prepared with 50 %wt coal to pitch were 7.398 mmol.g-1 CO2, 
5.049 mmol.g-1 CH4, and 3.516 mmol.g
-1 N2.  
The second type of carbon foam developed in this thesis was a monolithic carbon foam with an open 
cellular structure that was synthesized from banana peel using a soft-template method with zinc 
nitrate, furfural, and 2-aminophenol (Chapter 5). I extended the experimental methods to investigate 
the effects of (a) carbonization temperature and (b) post-carbonization CO2 activation to enhance the 
microporosity of the carbon foams as adsorbents for CO2 capture. The CO2-activated carbon foams 
featured BET surface areas up to 1426 m2.g-1. The effect of surface chemistry and N-containing 
functional groups on the CO2 uptake was also investigated and it was showed that both nitrogen 
functional groups and microporosity are critical parameters in equilibrium CO2 absorption of the 
carbon foams. To evaluate the potential of these carbon foams as adsorbents for gas separation, the 
adsorption capacity of the carbon foams for CO2 and N2 were measured by a gravimetric sorption. At 
298 K and pressures of 3990 kPa, the carbon foam synthesized at 1273 K in CO2 adsorbed 
9.21 mmol.g-1 of CO2 and 3.29 mmol.g
-1 of N2.  
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Although the synthesized carbon foams show promising CO2 adsorption capacity and reasonable CO2 
selectivity over N2, the selectivity of these carbons for CO2/CH4 and CH4/N2 was not as high as 
selectivities reported for zeolitic imidazolate frameworks (ZIFs). The ZIF-7 is known to exhibit a 
gate opening phase change in the presence CO2, and this behavior is associated with ZIF-7’s flexible 
framework. Chapter 6 reports for the first time experimental measurements to show that CH4 can also 
induce a gate opening effect in ZIF-7. The step change in CH4 adsorption associated with gate opening 
was observed at a pressure of 1500 kPa in the isotherm measured at 303 K, and with this behavior, 
the IAST selectivity of ZIF-7 for CH4 from an equimolar CH4 + N2 mixture was more than 10. At 
303 K the step in the CO2 isotherm was observed at approximately 100 kPa which provides an 
equilibrium selectivity of 24 for CO2 over CH4 and 101 for CO2 over N2. 
In Chapter 7, I investigated the adsorption of helium on narrow micropore adsorbents including a 
clinoptilolite-rich natural zeolite (Escott), zeolite 3A, zeolite 4A and a carbon molecular sieve (CMS 
3K-172). The helium adsorption procedure extends the previous works by Gumma and Talu* to 
determine the impenetrable solid volume of the adsorbent, which in standard helium pycnometry is 
determined under the assumption that helium does not adsorb at room temperature. I measured helium 
adsorption capacities and the true specific impenetrable solid volumes of the adsorbents by a 
gravimetric method at pressures of (300 - 3500) kPa and temperatures in the range of (303 - 343) K. 
The results confirm helium adsorption on these solids is small, but not zero: equilibrium helium 
adsorption capacities measured at 3500 kPa and 303 K were 0.067 mmol.g-1 on Escott, 
0.085 mmol.g -1 on 3A, 0.096 mmol.g-1 on 4A and 0.089 mmol.g-1 on 3K-172. The specific solid 
volumes determined by the Gumma and Talu method were 10 – 15 % larger than the specific solid 
volumes measured by standard helium pycnometry, and this error can result in uncertainties of 
2.6 – 28 % in the equilibrium adsorption capacities of CO2 and N2 measured at high pressures. 
 
* Gumma, S.; Talu, O., Gibbs Dividing Surface and Helium Adsorption. Adsorption 2003, 9 (1), 17-28. 
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1.1 Research problem and motivation 
Natural gas (NG) is one of the most important energy sources for the future of global energy market. 
As an alternative to currently available energy sources, NG is available abundantly in many countries 
and presents cleaner combustion compared to oil and coal 1. This means NG will continue to play an 
increasingly important role in meeting demand for energy in the world. In 2015, NG accounted for 
23.8% of primary energy consumption (Figure 1-1) with 1.7% growth over the previous year; the US 
(+3%) and EU (+4.6%) natural gas markets grew the strongest among OECD (Organisation for 
Economic Co-operation and Development) member countries 2.  
Australia was among top 10 exporting and importing countries in 2015 with a total of 39.8 billions 
of cubic meters gas exported and the second growth (25.3%) after Papua New Guinea (+104.8%). By 
2035, it is forecasted that Australia will become the leading supplier of liquefied natural gas (LNG), 
as the primary form of NG trade especially between long-distance producing and consuming 
countries 1, 4. In the domestic Australian energy market, the share of NG was 24.2% in 2014-2015, 
and this made NG the third largest primary fuel consumed after oil and coal 5. 
 
 
Figure 1-1 Primary energy consumption in 2015 by fuel 2. 
 
Natural gas is a mixture of hydrocarbon and nonhydrocarbon gases primarily consisting of methane 
(Table 1-1). Other light hydrocarbons found commonly in NG are in the range of C2H6-C7H16 with a 
trace amount of octane (C8H18) or heavier compounds sometimes present. After isolation and 
liquefaction, these entrained heavy hydrocarbons with boiling points higher than methane are 
Oil
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Hydroelectricity
Nuclear energy
Renewables
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condensed to form natural gas condensate. The nonhydrocarbon gases of NG include H2O, CO2, H2S 
and other sulphur compounds, N2, He and trace amounts of other inert gases. The nonhydrocarbon 
contents of NG deliver no heating value and must be removed from the final gas stream to meet gas 
quality specifications before transport to gas markets. For example, a standard gas pipeline 
specification for N2 is less than 3% 
3. Additionally, acid gases such as CO2 and H2S can form acids 
in the presence of water vapour and corrode the pipelines and other equipment. Also, the level of CO2 
in NG should be less than 50 ppmv to avoid solidification in the cryogenic processes of LNG plants. 
As a result, upgrading and purification of NG are critical processes in oil and gas industry, and this 
justifies numerous efforts, researches, and studies in the field of gas separation and NG processing in 
the recent years. 
Separation of CO2 and N2 as the main nonhydrocarbon components of NG from methane are 
important gas separation processes in the purification of NG. Similar to NG treatment but different 
in scale, there is also other applications for CO2/CH4, CO2/N2 and CH4/N2 separation such as removal 
of CO2 from CH4 in biogas and post-combustion flue gas, and capture of CH4 emissions from other 
industrial gas streams; e.g. separation of ventilation air methane (VAM) from coal mines. In 
conventional natural gas plants, CO2 and H2S are removed in the acid gas removal unit (AGRU) using 
amine absorption techniques (Figure 1-2). However, the selection of the AGRU process is more often 
determined by the H2S removal requirements, and absorption of H2S is the primary interest of most 
of the technical literature 3.  
 
Table 1-1 Composition of associated natural gas from a petroleum well 6. 
Category Component Amount (%) 
Hydrocarbon CH4 70 – 98 
C2H6 1 – 10 
C3H8 Trace – 5 
C4H10 Trace – 2 
C5+ 0 – 1 
  
H2O Trace – 5 
 CO2 Trace – 20 
Nonhydrocarbon H2S 0 - 5 
 N2 Trace – 15 
 He Trace – 5 
4 
 
 
In the case of N2, to ensure its concentration in the final product meets the required specification 
(about 3% of a typical gas pipeline and a maximum of 1% for LNG), cryogenic distillation in nitrogen 
rejection unit (NRU) is included to the NG processing plants. These cryogenic distillation columns 
are both costly and energy demanding. Costs for cryogenic processes vary with stream composition 
and increase to more than $1.00/Mscf for plants handling 2 MMscfd or less. To improve the current 
large-scale CO2 and N2 separation from CH4, other processes such as cyclic adsorption based gas 
separation can be decent candidates. 
Helium, as the other valuable nonhydrocarbon element of NG, has unique properties such as 
extremely low boiling temperature (4.2 K), inert and non-flammable nature and small molecular size 
(kinetic diameter of 2.6 Å). These features make helium a suitable candidate for different strategic 
applications such as coolant for superconductors (extensive usage in MRI machines) systems, 
working fluid in nuclear power plants, leak detector especially in fuel storage or transport systems 
with the high risk of explosion and other small scale laboratory applications such as the dilatometric 
fluid for determination of void volume or solid density. The range of helium uses resulted in a rapid 
increase in global demand for He in the recent years 4. On the other hand, the rare occurrence and 
limited resources of helium on earth make it a valuable strategic industrial mineral element; the Asian 
market value of 7 USD / scm for liquid helium is 15 times higher than the value of landed LNG 7. 
Natural gas is a possible source of helium, though there are only a few recognized NG fields in the 
world that contain traces of helium, e.g. 0.3% in Darwin, Australia. In the current LNG plants, 
Figure 1-2 Block flow diagram of typical gas processing operations in natural gas plants with a cryogenic 
process for LNG production. Reprinted from Rufford et al. (2012) 3. 
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conventional cryogenic distillation processes are used to recover helium (50-70%) from helium 
concentrated product of NRU (1-3%). Due to the expensive and energy demanding nature of these 
conventional cryogenic distillation processes, developing alternative helium recovery methods 
appears to be essential. 
Adsorption based gas separation processes are one of the emerging technologies that can help to 
overcome the costs of the current energy-intensive conventional gas separation methods. Methane 
selective adsorption (N2 rejection process based on kinetic selectivity of N2 over CH4), viable 
technologies for CO2/CH4 or N2/CH4 separations (based on size exclusion) and pilot plant scale 
pressure-swing adsorption (PSA) for He recovery from NG are some of commercially available 
smaller scale gas processing facilities with the application of selective gas adsorption. Designing and 
developing selective adsorbents with a real separation power as well as finding the best temperature 
and pressure for adsorption and desorption cycles are ways to improve the cyclic adsorption processes 
such as pressure swing adsorption (PSA) and to transform them to a viable larger scale gas separation.  
Although adsorbents such as activated carbons (ACs), zeolites and metal-organic frameworks (MOFs) are 
used widely for gas separation purposes, there remain several technical limitations such as pressure 
drop across the PSA bed, the low selectivity of the adsorbents and high production costs of adsorbent 
materials that could be potentially improved by the development of new adsorbents. In this thesis, I 
investigated the development of several types of adsorbents to improve gas separation performance 
in PSA. The three types of adsorbents studied are (1) carbon foams as monolithic structured 
adsorbents (2) a zeolitic imidazolate framework ZIF-7 as a flexible structure adsorbent for CO2/CH4 
or CH4/N2 separation and (3) natural + synthetic zeolites with narrow pores for selective He 
adsorption. 
1.2 Monolithic activated carbons: attractive applicants for adsorptive gas separation  
Small size adsorbents in the granular form are applied in the traditional packed adsorbent columns 
for gas separation applications. Although the reduction in the adsorbent’s particle size helps to 
overcome the mass transfer resistance in the conventional gas separation, the pressure drop in the bed 
will increase, which causes more energy consumption in the system. Also, small adsorbents such as 
a pellet or granular particles may fluidize due to fast pressure swing; that may cause damage to the 
valves and downstream equipment. 
An alternative approach to overcome the pressure drop, mass transfer and fluidization problem in 
rapid swing operations is to use the non-particulate adsorbent structures such as a honeycomb 
monolith, cloth sheet containing macroporous channels or foam structures 8. Fluidization and pressure 
drop problems in rapid swing operations can be avoided in these newly structured adsorbents by using 
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nanoparticles or nanocrystals of the microporous adsorbent material, such as zeolites or active carbon 
on a support material such as a honeycomb monolith or cloth sheet containing macroporous channels 
(widths 450 nm). Moreover, packing of these adsorbents facilitates heat transfer within the adsorption 
bed and compared to pellets; it allows a greater volumetric density of the adsorbent in the bed. In 
addition to the benefits mentioned above, in the case of some structured adsorbents such as activated 
carbons, their inherent electrical conductivity gives them a good ability to be used in rapid thermal 
swing operation with regeneration through electrical heating. The electrical heating can make the 
cyclic adsorption and desorption operation considerably faster. Currently available commercial 
monolith activated carbons have been reported for the elimination of VOCs from air 8.  
Due to the presence of large flow channels and some voids (large bed porosity), which helps to reduce 
pressure drop along the bed and allow operation at very high superficial velocities (high flow rates), 
cellular foams have shown potential improvements in heat and mass transfer properties of catalytic 
beds as catalyst supports compared to other more conventional structured supports (e.g. honeycomb 
monoliths) 9-12. Radial mixing of laminar flow in cellular foams is also an advantage of foams over 
monolith structures with open ending parallel channels and facilitates external mass and heat transfer 
12. As a subclass of foam family, carbon foams are sponge-like carbonaceous materials representing 
cellular ligament microstructures and as a result, present high porosity. To realize the potential 
advantages of carbon foams as adsorbents in separation applications, there is a need to improve 
preparation methods to obtain foams with the high specific surface area, controlled microporosity, 
and high adsorbent density. In this work, I focused on the development of low-cost novel carbon foams 
with the promising surface area and micropore structure which makes them suitable for gas adsorption. 
We also studied their adsorption capacity and selectivity for CO2, CH4, and N2 by pure gas adsorption 
measurement.  
1.3 Controlling micropore size to improve selectivity  
Using adsorbents with high selectivity and capacity is essential for more efficient separation processes 
13. By controlling micropore size of adsorbents, it would be possible to improve the kinetic or steric 
gas selectivity. In this thesis, I established two selective adsorbent cases: (1) flexible structures for 
CH4/N2 separation and (2) narrow pore zeolites as a potential He selective adsorbents.  
1.3.1 Flexible microporous structures 
The separation of CH4 and N2 from methane-rich streams in NG production process is challenging 
because of the similar physical properties of the two gas molecules including their kinetic diameter 
(CH4: 3.76 Å vs. N2: 3.64-3.8 Å), polarizability (CH4: 25.9×10
-25 cm3 vs. N2: 17.4×10
-25 cm3), 
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quadrupole (CH4: 1.52×10
-26 esu.cm3 vs N2: 4.3×10
-26 esu.cm3) and dipole moments (0 for both) of 
the molecules14. Metal–organic frameworks (MOFs) are nanoporous materials that have attracted a 
lot of attention in gas separation and storage application especially in the last decade, mainly due to 
their high surface area and pore volume, as well as their tunable chemical environment which depends 
on their building blocks and connected functional groups 15. One of zeolitic imidazolate frameworks 
(ZIFs as a subgroup of MOFs) that can act as a molecular sieve or as a storage device for some gases 
was analyzed in this study to observe its equilibrium capacity and steric effect of CO2, CH4, and N2 
selective separation. 
1.3.2 Narrow-micropore adsorbents 
Designing selective adsorption processes may also allow a molecular sieving or steric separation of 
He from N2 after NRU in NG processing units. NG contains slight concentrations of helium, “helium-
rich fields” have levels of only 0.3 % typically 4. Producing a concentrated helium stream from such 
a dilute mixture is a challenging gas separation: the conventional cryogenic distillation technologies 
used to recover He are expensive and energy intensive 4. The small molecule size of He with a kinetic 
diameter of 2.60 Å has the advantage of accessing narrow-pore adsorbents which are restricted for 
larger N2 (3.64 Å) and CH4 (3.8 Å) molecules. Kinetically selective adsorption processes have been 
successfully applied in air separation units and for N2 rejection from NG in the Molecular Gate PSA 
process (Molecular Gate Adsorption Technology 2010). The kinetic or steric separation of He from 
N2 would require adsorbents with pore openings of 3 Å or narrower. Also, the pore volume and 
surface area accessible to He but not N2 would need to be sufficiently high to allow practical adsorber 
bed sizes.  
However, helium as a rare gas reveals a very weak interaction with the solid surface. The small 
magnitude of helium adsorption at ambient temperature and pressure caused it be assumed as a non-
adsorbing gas in many studies and applications 16 and make it challenging to measure He adsorption 
capacity of adsorbents. Investigate the amount of helium uptake would be interesting not only 
theoretically but also due to its application as the dilatometric fluid in the determination of solid 
density; which its uptake assumes to be negligible. In this study, I measured actual He adsorption 
capacity of small pore adsorbents such as carbon molecular sieves, small-pore natural/synthetic 
zeolites which may have a potential to be used for He selective PSA process.  
1.4 Aims and objectives 
The primary purpose of this thesis is to design and develop novel adsorbents to improve the adsorptive 
gas separation and NG processing that may help to overcome limitations such as pressure drop in the 
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PSA bed, low selectivity of the adsorbents and production costs of the final adsorbents with focus on 
adsorption of CO2, CH4, N2 and He. The specific objectives include: 
1- To develop low cost activated carbon foams with hierarchical pore structure from different 
available precursors such as bituminous tar pitch + coal and biomass wastes (banana peel) for 
the adsorption of CO2, CH4, and N2, 
2- To study the effect of micropore development and surface chemistry (nitrogen functionalities) 
on the CO2 uptake capacity of the carbon foams,  
3- To synthesize the flexible zeolitic imidazolate framework for size and kinetic selective CO2/CH4, 
CH4/N2 and CO2/N2 separation. 
4- To study the effect of helium adsorption on the determination of adsorbent’s void volume and 
measurement of helium adsorption on narrow pore adsorbents. 
Based on the above-mentioned objectives, the thesis is structured into eight chapters, including this 
introductory chapter. Chapter 2 presents a review of current and emerging adsorbents for NG 
processing and adsorptive separation of CH4, CO2, N2 and He. Chapter 3 describes material 
characterization methods and the apparatus used to measure high-pressure adsorption equilibria. 
Chapter 4 reports synthesis and characterization of low-cost petroleum tar pitch-based activated 
carbon foams for CH4, CO2, and N2 adsorption. Chapter 5 details the synthesis of activated carbon 
foams from the banana peel and the effect of nitrogen containing surface functional groups and 
micropore capacity on the CO2 adsorption capacity of these carbon foams. Chapter 6 presents high-
pressure CH4, CO2 and N2 adsorption equilibria data, and analysis of equilibrium CO2/CH4, CH4/N2 
and CO2/N2 selectivity on ZIF-7. Chapter 7 presents and validates a methodology to determine 
adsorbent’s true void volume considering He as an adsorbing gas and measurement of He adsorption 
capacity of small pore adsorbents at different temperatures and pressures. Chapter 8 provides a 
summary of conclusions of the thesis and recommendations for future work. 
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This chapter provides a summary of research progress on adsorbents used in the separation of natural 
gas mixtures with a focus on CH4, N2, CO2 and He mixtures. To aid the discussion of the critical 
parameters in the selection of adsorbents, a brief discussion of pressure swing adsorption as a 
continuous adsorption technology is also presented. The benefits of novel bulk adsorbents, various 
synthesis methods and the recent studies on preparation of structured monolithic adsorbents with 
more focus on ways to generate carbon foam materials for adsorption application will be provided. 
Some background on adsorptive gas separation with emphasis on kinetic and steric selectivity, mass 
transfer restrictions are also presented. Some background about the flexible frameworks such as 
zeolitic imidazole frameworks (ZIFs) and their application in gas separation was given. Finally, the 
importance of He as one of the valuable components of NG, adsorption measurement of He and effect 
of important parameters on adsorption of He are provided at the end of this chapter. 
2.1 Adsorption-based gas separation processes 
As one of the important gas separation processes, adsorption-based gas separation largely used in the 
development of several technologies for purification of gaseous products of natural gas. Based on the 
higher affinity of porous adsorbents for individual gas components than the other gas mixture 
components as well as gas adsorption-desorption of the adsorbents at different operating conditions, 
various industrial gas separation technologies have been designed and developed in the last few years. 
The gas adsorption-desorption behavior of adsorbents under certain circumstances makes it possible 
to have a cyclic gas separation process by regular changing the condition of adsorbent. Cyclic cooling 
and heating the adsorption bed to enhance adsorption and desorption respectively, in temperature 
swing adsorption (TSA), or pressurizing and pressure release plus flushing to have an adsorption and 
a regeneration steps in pressure swing adsorption (PSA) are some examples of these cyclic separation 
process widely used in an industrial gas separation 1. 
2.1.1 Application of PSA in natural gas processing 
Although temperature swing adsorption (TSA) is used in commercial scale NG processing such as 
NG dehydration, it has drawbacks such as time-consuming heating and cooling of the bed and as a 
result required large bed size in the processing of large volume of NG 2. Compared to TSA, pressure-
swing adsorption units present faster cyclic adsorption and desorption stages by increasing and 
releasing the gas pressure, respectively, and a smaller amount of needed adsorbents for a similar 
process. Currently, commercial, industrial scale PSA units are used in NG related applications such 
as nitrogen rejection from NG, dehydration of NG, CO2 removal and He purification 
2-3. 
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2.1.2 Pressure Swing Adsorption (PSA) processes 
As it was mentioned, in the industrial adsorption-based cyclic gas separation technologies, 
regeneration methods of the sorbents after the adsorption step is the main difference. Among all of 
the cyclic processes, PSA is the easiest to speed up its regeneration due to dependency on pressure. 
Skarstrom described the primary form of PSA cycle in 1960 4 and almost at the same time the Guerin–
Domine Cycle that was the beginning of the current vacuum swing cycle was invented 5. A typical 
Skarstrom cycle consists of two adsorption beds and two key cycle steps of pressurization or high-
pressure adsorption and blowdown or low-pressure desorption. Co-current depressurization (CD) for 
an increase in product recovery and pressure equalization (PE) to conserve the mechanical energy 
steps are the main additions to the mentioned cycles. Since long cycle time and high throughput per 
cycle result in high bed temperature, Skarstrom described a useful, intuitive idea of conserving the 
heat of adsorption by maintaining short cycles and low throughput that was valuable in later 
improvements. 
Although the Skarstrom cycle has been used widely for applications such as air drying, its low product 
recovery, and high energy requirements make the Skarstrom far from being an economical process. 
The existence of large void space in the adsorbent limits the recovery of the strong adsorbate (strongly 
adsorbable gas). At high pressure, the total concentration of the strong adsorbate in the spaces of the 
saturated bed (same as the feed mixture) is not high. So decreasing the pressure causes an increase in 
the concentration of the strong adsorbate in both phases because the strong component desorbs more 
than the light component at lower pressure. So before the bed is deprived by further blowdown and 
purge, a co-current depressurization step can be introduced to this cycle to shorten the adsorption step 
before throughput point. In this way, the concentration of the strong adsorbate increases in the bed. 
As a result, the product purity increases for the strong adsorptive, this, in turn, enhances the product 
recovery of the weak adsorptive. 
Pressure equalization step can be used to improve the energy conservation and product recovery. In 
this step, the pressure will be equalized in two interconnected beds. So the pressure in a regenerated 
bed will be increased in a sequence of steps by introducing the gases from other bed at different stages 
of depressurization. Besides the advantages such as energy conservation, increase in product 
recovery, and smoothed product flow, pressure equalization has a problem of increase in the 
concentration of unwanted components in the effluent from the CD step. This issue was tried to be 
solved by paralleled equalization. 
Oxygen production from the air by shifting the packed column configuration to radial flow geometry 
was studied and developed by some researchers 6-7. For O2-PSA, it was tried to reduce cycle times 
and increase flow rates, though due to the bed pressure drops as the main reason and also the pellet 
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diffusion rates, it became the limitation. Therefore, shallow beds were designed and used. In these 
type of beds, air flows radially from the outside toward the inner part to reduce the velocity variation. 
On the other hand, due to a sharper pressure gradient near the center of the packing bed, the inward 
feed operation shows better product purity than the feeding from the inside. Chiang et al. 6 have found 
that larger cross-sectional area in axial flow geometry is the reason for its lower pressure drop. 
Moreover, it helps most of the bed had a chance to experience the large pressure swing on the feed 
side that causes the system to become more productive. 
Besides the radial bed development, further improvements and invention of new sorbents will help 
mostly to overcome the cyclic problems and increase the process efficiency. 
2.1.3 Adsorbent Selection 
Due to the need for the fast cyclic separation and reduction in the cycle time without disturbing the 
final product purity or even improve it, much more attention have been focused on the characteristics 
of adsorbents used for any gas separation. Adsorption capacity and separation performance 
(selectivity) of adsorbents are critical parameters in the selection of a proper sorbent for a given 
separation. These can widely affect many of the key design parameters of a cyclic separation 
performance such as loading of adsorbate per unit volume, mass transfer properties, pressure drop, 
and thermal management which influence the size of the adsorption equipment, product purity, and 
energy intake8. 
Since gas separation processes are based on the differences in the adsorption capacity of the gas 
components, both the adsorption equilibrium and then sorption kinetics are critical to the process 
performance. A promising adsorbent should possess high adsorption capacity and selectivity, re-
generability and favorable adsorption kinetics. The adsorption capacity and selectivity are the main 
parameters and depend on the equilibrium pressure and temperature, surface area, large pore sizes 
(include meso and macro pores) that allow the gas molecules to enter the porous structure and the 
nature of the adsorbent and the adsorbate. Also, to increase the mechanical strength and decrease the 
pressure drop there is a need to use binder materials in the case of small size adsorbents in powder 
formation, granular and small pellets. 
Adsorptive gas separation is conducted based on one or a combination of the following 
mechanisms 2, 8-9;  
(1) Separation due to the cross-sectional size or shape limitations, one of the gas component’s 
molecules is prevented from entering the adsorbent's pores so that this element can be separated from 
the adsorbable molecules. This mechanism is known as a steric mechanism or the molecular sieving 
effect and is common in molecular sieves such as zeolites. Separation of normal paraffin from 
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isoparaffins and other hydrocarbons by using 5A zeolite and gas drying are two largest applications 
of steric separation. But, in the case of similar critical pore sizes of gas components such as CO2/CH4 
or N2/CH4 separations, molecular sieving based processes are not likely to be viable. In the case of 
temperature sensitive adsorbents, temperature also should be observed due to its effect on the pore 
sizes.  
(2) The second mechanism is separation due to the difference in the interactions of adsorbate and 
surface and/or adsorbate packing, which causes favored surface adsorption of individual components 
over others; known as thermodynamic equilibrium mechanism. In this mechanism, the starting point 
for design or selection of adsorbent is to study and compare the targeted component for adsorption to 
know its properties such as polarizability, magnetic susceptibility, permanent dipole moment, and 
quadrupole moment and compare them with the other elements in the mixture. The adsorbent should 
be designed or selected based on the main different characteristic of the targeted gas component with 
others. There are also some interactions between the targeted molecules and other atoms on the 
surfaces of the pore that are secondary but are also important. Most of the industrial adsorption 
processes such as natural gas (NG) dehydration using silica desiccants or molecular sieves rely on 
the thermodynamic equilibrium mechanism.  
(3) The third separation mechanism is based on the difference in the rate of diffusion of different gas 
components that causes faster adsorption of one component over others; known as a kinetic 
mechanism. For kinetic-based separation, the pore size needs to be precisely designed to lie between 
the kinetic diameters of the two molecules that are to be separated. The industrial examples of kinetic 
separation are using carbon molecular sieves and small pore zeolites for the separation of O2 and N2 
from the air, where O2 diffuses about 30 times faster than N2, and separation of N2 from CH4 using 
ETS-4 in the Molecular GateTM PSA process 10.  
(4) And, the last mechanism is known as the quantum sieving, and the separation is based on the 
different diffusing rate of some light molecules such as H2 and He, in narrow micropores, especially 
at low temperatures when the pore diameter becomes comparable with the de Broglie wavelength of 
these molecules. This mechanism can be used in isotopic separation. 
2.1.4 Selectivity, working capacity, and adsorbent loading 
Before designing a particular separation process and selecting the final adsorbent, several suitable 
adsorbents for that purposes should be identified. The efficiency of these adsorbents needs to be 
verified by analysis of the isotherms, the comparison between the uptake rates of the pure components 
of the gas mixture and/or to perform lab scale PSA experiments by using a suitable cycle, or computer 
simulations with a validated mathematical model. However, visual inspection is not accurate, and the 
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other methods are time-consuming. So, there is a need for a fast and simply calculable parameter to 
select the optimum adsorbent for a particular gas separation application. Knaebel (1995) has proposed 
a simple method for selection of adsorbent, which involved taking the ratio of Henry’s law constants 
11. This estimation that often referred as Henry’s selectivity can serve as a crude sorbent selection 
parameter. However, low partial pressures of the component species in the gas mixture is suggested 
for using the ratio of Henry’s constants 2, 12.  
On the other hand, two different types of selectivity have been defined for adsorbate; the kinetic 
selectivity and the equilibrium selectivity 2. The equilibrium selectivity can be measured by 
achievement of system equilibrium in the unlimited period. This type of selectivity can be defined as 
Eq. 2-1. 
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    Eq. 2-1 
where qi is the equilibrium adsorption capacity of each gas component determined from pure gas 
component isotherm, and yi is the component mole fractions in the gas mixture. The variety α1,2 value 
in the range of 2 to 104 may be considered acceptable for PSA processes 12.  
Kinetic selectivity or primary separation factor is time dependent selectivity that can be determined 
as the ratio of mole uptake rates for different components in the gas mixture. Kinetic selectivity factor 
β1,2 encompasses the effects of sorption mass transfer coefficient for each element (k1, k2, assuming 
ki is related to Dc, i where Dc, i is the diffusivity coefficient of component i in adsorbent pores) can be 
defined as Eq. 2-2. So, it can be seen that kinetic selectivity is related to both diffusivity ratio and the 
equilibrium selectivity of the components in gas mixture 2. 
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 Eq. 2-2 
Another important parameter that should be considered for selecting the promising adsorbent in PSA 
gas separation process is the difference in the adsorbed amount of strong adsorbent at high pressure 
and the desorbed amount at a low pressure preferably in mixture condition; known as working 
capacity (WC, moles.kg-1 adsorbent.cycle-1). The ratio of the working capacity of two components in 
the gas mixture also gives useful information about the adsorption performance of a particular 
adsorbent in PSA process.  
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 Eq. 2-3 
Based on Eq. 2-1 and Eq. 2-3, another factor can be defined to make the comparison of two adsorbent 
in separation performance of two different components easier 13. So, the PSA adsorbent selection 
parameter (S) can be written as follows: 
 
1,2.S W   Eq. 2-4 
The amount of achievable gas in a given volume of the vessel in a cyclic adsorption system that is 
called throughput is another term that helps to evaluate the PSA adsorption system. Throughput can 
be expressed as Eq. 2-5: 
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
  Eq. 2-5 
where B

is the bulk adsorbent density (kg adsorbent.m-3) and   is the cycle time (s.cycle-1). As can 
be seen in Eq. 2-5, the bulk adsorbent density is a significant factor in throughput calculations. So, in 
the case of adsorbents with developed pore structures for the aim of fast operation cycles (lower cyclic 
time), adsorbent loading on a mass or volume basis should be considered, since low bulk density may 
cause low throughput. 
The other related feature that becomes more important in the fast cyclic separation is the losses in 
throughput and separation due to pressurization and depressurization of gasses in dead spaces. These 
losses are called switching losses that become relatively higher when the ratio of adsorbent volume 
to non-adsorbent void decreases. When the amount of adsorbent (adsorbent bulk density) declines for 
fast cycling, the percentage of void spaces may be increased and therefore there would be more energy 
needed to compress and depress void space gas with no separation. 
2.1.5 Pressure drop 
The axial pressure profile in an adsorption process that implies not all the system experiences the full 
available pressure swing is called pressure drop. The pressure drop effects are significant especially 
during the pressurization and blowdown steps which take a longer time to reach the steady state. This 
directly reduces working capacity, and has a substantial effect on the throughput of the system and 
therefore on the needed energy 14. Using radial beds is one of the options in packed beds to reduce 
the pressure drop that makes it possible to reduce cycle time and increase throughputs without 
fluidization, although their design is difficult and expensive. 
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The well-known Ergun equation describes the role of system parameters contributing to pressure drop 
in a packed bed 15: 
 
 
where U is the superficial velocity,  and  are the density and viscosity of the gas, respectively, dp 
is the particle diameter, and ε is the bed voidage. It can be seen that in the Eq. 2-6, a decrease in 
particle size and void volume cause a higher pressure drop.  
2.1.6 Effect of mass transfer resistance in adsorptive gas separation 
Besides the measurements of equilibrium adsorption capacity, mass and heat balance also should be 
considered in detail to design a separation process. Indeed, in the case of adsorptive separation 
systems which depend mainly on the difference of adsorption kinetics of each component, 
equilibrium selectivity may become confined 16. Separation of the CO2/CH4 mixture using a carbon 
molecular sieve is an example of kinetic selective separation process which is based on the significant 
difference in diffusion rates between the two components 17. 
Adsorbent structure influences the mass transfer kinetics and therefore affects the overall system 
efficiency. The separation performance may be degraded by dissipative effects of internal and 
external mass transfer resistance and axial dispersion18. When the cyclic time is long enough for 
adsorption, for example, hours or even minutes in conventional packed bed processes, the adsorption 
and desorption timescale would be 5–100 times shorter than the residence time and hence mass 
transfer resistance is negligible. But it will be widely different in the case of rapid cycles. High gas 
velocity, with the similar effect of short cyclic time, causes an increase in the adverse effect of mass 
transfer resistances.  
The overall mass transfer coefficient, k, for systems with linear isotherms obeying the linear driving 
force model can be evaluated through the Eq. 2-7 19. 
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where K is the equilibrium constant, kf is the external film coefficient, Rp and rc are particle and crystal 
radii, respectively, Dp and Dc are pore and intracrystalline diffusivity, respectively, DL is an axial 
dispersion, and v is velocity. 
The modeling of transport equations in fixed bed adsorbents depends on the mass transfer mechanism 
from the gas stream to the solid phase. The resistance to mass transfer both inside and outside of the 
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adsorbent should be considered carefully. Before the adsorption process happens, the gas molecules 
should diffuse into an external film surrounding each adsorbent particle and then diffusion into the 
adsorption sites inside micropores or macropores of an adsorbent. Therefore, diffusion of adsorbate 
molecules into the adsorbents particle can be divided to 3 different diffusion mechanisms of the 
external fluid film as the intra-particle resistance, and macropore and finally micropore diffusion as 
the resistances inside the particles 20. Any of the mentioned diffusional resistances or combination of 
them can be dominant based on the system specifications and conditions. However, 
macropore/micropore diffusion with external film resistance was reported as the most general 
diffusional resistances in the adsorption process modeling studies 21. To find the appropriate mass 
transfer mechanism which matches well with the adsorption system, these three diffusion mechanisms 
will be described in detail in the following sections.  
2.1.6.1 External transport processes: External fluid film resistance 
The limiting fluid film between the flowing fluid and the surface of adsorbent particle creates 
concentration difference which can be a driving force for mass transfer from the bulk phase into 
macropores. The external fluid film is intensely depending on the hydrodynamic conditions outside 
the particles which can be characterized by the Sherwood, Reynolds, and Schmidt numbers of the 
system. Renz-Marshall type equations 22-23 are some of the equations that correlate the mass transfer 
data in the packed beds at different Reynold numbers and flow conditions. 
Renz-Marshall equation 1/3 1/22 0.6 ReSh Sc   Eq. 2-8 
Wako and Funazkri equation 
1/3 0.62 1.1 ReSh Sc   
43 Re 10   
Eq. 2-9 
These equations can help to find the external film mass transfer coefficient fik using Sherwood 
number: 
 3 fi p
mi
k R
Sh
D
  Eq. 2-10 
where pR is the macro-particle radius and miD represents the molecular diffusivity. 
By assuming steady-state conditions at the fluid–solid interface, Farooq et al. (2001) proposed equal 
mass transfer rate across the external film with the diffusive flux at the particle surface 24. On the 
other hand, there is no accumulation of adsorbates, so the film transfer and macropore diffusion can 
be considered as serial steps, and mass conservation assumption is applicable in the following 
equation 20, 25: 
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piC  is the adsorbate concentration in the macropore, which is a function of radial position in the 
particle, p  is the adsorbent porosity, piD  is the macropore diffusivity, and R is the distance along 
the macro-particle radius. 
2.1.6.2 Internal (intra-particle) transport processes 
Due to the presence of high surface area and adsorption sites inside the adsorbent’s particles, the 
penetration rate of adsorbate molecules into and out of porosity are important parameters in 
adsorptive separation processes. In the adsorption studies, more attention has been paid to the intra-
particle diffusional resistance as the dominant resistance in the system mass transfer compare to the 
external film resistance that mostly was neglected in these studies 24, 26. It was reported that 
consideration of the intra-particle diffusional resistances as the only mass transfer resistance in the 
kinetic models, still can offer accurate simulations of kinetically controlled PSA processes 21. Intra-
particle adsorption sites and diffusional resistances can be divided into two different types of large 
pores (macro and mesopores) and micropores which will be explained in the next section. 
2.1.6.3 Macropore diffusional resistance  
Diffusion inside the large pores results from the collision among the gas molecules or between gas 
molecules and pore wall. So, it can be said that the diffusion mechanism inside macropores is largely 
based on the pore size, gas molecule size, and speed. Knudsen diffusion mechanism can dominate in 
small macropores when the mean free path of the adsorbate molecules is much greater than the pore 
diameter. In this case, collision mostly happens between the adsorbate molecules and pore wall and 
the diffusivity (Dk) depends on mean pore radius (rp), adsorbate molecular weight (M) and adsorption 
temperature (T):  
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 Eq. 2-12 
This diffusion coefficient permits the estimation of flux based on a pressure gradient driving force, 
through the phenomenological model 
 kDJ p
RT
    Eq. 2-13 
where J and p  are molar flux and pressure gradient, respectively. 
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Figure 2-1 Schematic diagram showing various resistances to the transport of adsorbate as well as 
concentration profiles through an idealized bidisperse adsorbent particle demonstrating some of the 
possible regimes: (1) + (a) rapid mass transfer, equilibrium through particle; (1) + (b) micropore 
diffusion control with no significant macropore or external resistance; (1) + (c) transport controlled 
by the resistance at the micropore interior; (1) + (d) controlling resistance at the surface of the 
microparticles; (2) + (a) macropore diffusion control with some external resistance and no resistance 
within the microparticle; (2) + (b) all three resistances (micropore, macropore, and film) are 
significant; (2) + (c) diffusional resistance within the macroparticle with some external film 
resistance together with a restriction at the micropore interior (2) + (d) diffusional resistance within 
the macroparticle in addition to a limitation at the micropore mouth with some external film 
resistance 21. 
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Inside the large macropores when the pore magnitude is far greater than the mean free path of the 
adsorbate molecules, collision mostly happens among gas molecules, and diffusion is similar to bulk 
diffusion. The dominated diffusion mechanism, in this case, referred as molecular diffusion and can 
be estimated from the Chapman–Enskog equation or the Stefan–Maxwell equation for binary or 
multicomponent systems, respectively. The combination of molecular diffusion and Knudsen 
diffusion mechanisms can be considered significant in the intermediate cases when the pore diameter 
and mean free path of molecules are of the same order of magnitude. In that condition, by the 
assumption of a binary system and the same flux of gas molecules in the opposite directions 
(NA ≈ - NB), the macropore diffusivity (Dp) is obtained from the Bosanquet equation 27-28: 
 1 1
( )p
m k
D
D D
   Eq. 2-14 
where τ is the pore tortuosity factor, and Dm and Dk represent molecular and Knudsen diffusivity. 
2.1.6.4 The Knudsen model  
At first 1909, the Knudsen model was proposed for the diffusion of a rare gas inside pores at low 
density of gas to reduce gas-gas collisions. This analysis which can also be called transport of non-
interacting hard-sphere molecules depends on the mean free path of gas molecules compared to the 
pore diameter. In the case of the large ratio of the mean free path to the pore diameter, there would 
be the low frequency of gas collision, and as a result, gas-solid interaction and collision dominate 
under the action of the pressure gradient. While at a small ratio of the mean free path to the pore 
diameter, extended Knudsen diffusion can be applied which will be reduced to the Knudsen equation 
for measurement of diffusion coefficient at low-density limit 29. 
The fundamental assumption of Knudsen model is the diffusion reflection which is reasonable for 
disordered activated carbons, DDR zeolite membranes, and oxide surfaces. However, the assumption 
needs some modifications in the case of ordered carbon surfaces such as graphite and carbon 
nanotubes since in these materials there would be an almost specular reflection that results in little 
momentum lost to the wall and causes rapid transport of gas molecule. 
The Knudsen model was used in vacuum technology application technologies including the 
development of diffusion pumps, molecular beam research, and viscosity gauge theory. Also, the 
model can be applied in the analysis of transport in porous catalysts and reactive porous solids as well 
as permeation of membranes and adsorbents with pores greater than 2 nm. 
However, the model suffers from the difficulty in the validity verification in available mesoporous 
solids due to the highly disordered structure of them which make it difficult to isolate molecular 
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transport at the single pore level. Also, the Knudsen model faces problems in validity for the transport 
at low temperature (lower at an absolute temperature) and inside small pore size mesopores which 
cause an increase in gas-solid interaction strength. In the latter case, molecules will be affected by the 
affinity for the solid that makes it difficult for the gas molecules to escape from the wall attraction 
field. So adsorption is expected leads to deviation from the Knudsen model. To follow the Knudsen 
model, it is important that the gas molecule has sufficient kinetic energy to overcome Van der Waals 
forces exerted by the wall. In this condition, gas (bulk) density will be retained inside the pores and 
adsorption can be considered to be negligible. 
Neimark et al. 30 analyzed adsorption of He and CH4 in MCM-41 silica, with the fluid–solid 
interaction parameters calculated from the Lorentz–Berthelot rule as ff = 0.381 nm, ff = 148.1 K 
for methane and ff = 0.2551 nm, ff =10.22 K in the case of helium. For He at 298 K, the ratio of 
kinetic to potential ( ) is 5.3, and the Knudsen model is likely to provide a reasonable estimation of 
the low-density diffusion coefficient at any pore size in the mesopore region. On the other hand, for 
a more strongly adsorbed species such as CH4, which ratio of kinetic to potential ( ) at 298 K is 
0.973, even for pores as large as 12 nm (about 30 times of the molecule LJ size) the Knudsen model 
is likely to fail. To reach the point of negligible adsorption strength, the temperature should be about 
650 K for a 12 nm pore diameter and 960 K for a 3 nm pore. By increasing the temperature, a larger 
fraction of molecules can overcome the potential barrier near the wall, and as a result, the Knudsen 
model becomes a better approximation.  
The isosteric heat of adsorption also plays an important role especially in the case of adsorption of 
molecules with almost similar molar mass. The diffusivity of n-heptane (48 kJ mol-1) in SBA-15 silica 
was found to be nearly twice of that of toluene (59 kJ mol-1) at room temperature and low pressure 
while 
1/2( / ) 0.92tol heptM M   
31. Based on these findings, the flux model was revised to consider the 
effect of adsorption 
 0
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       Eq. 2-15 
where 0D  is the low-density transport coefficient, t  means the molar density of the adsorbed phase 
and p is the pseudo-bulk pressure at which the bulk fluid would be in equilibrium with the adsorbate 
at density t , assuming a linear isotherm (i.e. sufficiently low pressure). 
In the porous structures, K and 0D  can be replaced by the local values and terms of particle porosity 
( p ) and tortuosity ( ) will be introduced. 
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The effect of adsorption is more significant in micropores, and the measured diffusivity is at least one 
order of magnitude lower than the Knudsen estimation. Although it was tried to incorporate 
adsorption in the Knudsen formulation through an empirical Arrhenius-type term or by temperature 
dependent effective pore size, at the micro and mesopores level other models such as the Oscillator 
model was found more exact for soft sphere under the diffuse condition of low density. 
2.1.6.5 Micropore diffusional resistance 
In most kinetically selective processes, diffusion into the micropores is the dominant resistance for 
the uptake of adsorbates 24, 32. Micropore diffusion can contribute significantly to the overall 
intraparticle mass transport, primarily due to the higher concentration of the adsorbed phase, although 
the mobility of molecules in the adsorbed phase is much smaller than in the gas phase 33. Mass transfer 
mechanism inside tiny pores (micropores) would be different from that of wider pores mainly due to 
the strong effect of the surface forces on gas molecules even in the center of the pores. In this case, 
gas molecules may only hop between adsorption sites, where they rest at the minimum potential 
energy. Adsorbed molecules should overcome the energy of surface diffusion to detach temporarily 
and jump to the adjacent sites or a site on the opposite wall of micropore. However, it should be 
mentioned that the energy barrier for surface diffusion is lower than that for desorption to the gas 
phase 28. 
Three different mechanisms may be defined for gas transport inside micropore including limitations 
at the micropore entry which can be called barrier resistance; distributed micropore internal 
resistance; and the combined effects of both resistances 21, 24. Overly the micropore diffusivity is 
affected by the following parameters: concentration of the diffusing molecules within the micropore; 
temperature; micropore geometry and dimensions; shape, size, and polarity of the diffusing 
molecules; cation distributions, size, charge, and number; and lattice defects; structural changes 
caused by diffusing molecules and sample pre-treatments 34.  
The first three parameters are responsible for the molecular sieving properties or the barrier resistance. 
Dependence of the surface diffusivity of concentration may be related to fractional surface coverage, 
θ: 
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 Eq. 2-16 
It can be assumed that when a molecule encounters a site already occupied by another molecule, it 
immediately bounces off and continues without stopping until it finds an empty site at which to rest 28. 
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Also, the dependence of micropore diffusion on temperature is in the form of an Arrhenius-type 
equation: 
 /
0
sE RT
sD D e
  Eq. 2-17 
where E is the activation energy for surface diffusion. The activation energy is related to the relative 
size and shape of the diffusing molecule and the effective pore size in the crystal. In the case of 
zeolite, the value of the apparent activation energy for diffusion increases with the van der Waals 
diameter of the gas molecule 28. 
2.1.7 Heat transfer (thermal management) 
The thermal swing associated with the adsorption/desorption process has a significant effect on 
pressure swing systems. Where QAds is the heat of adsorption and Cs is the solid specific heat 
(kJ.kg- 1), the first estimation of temperature swing at a point in the bed is given by Eq. 2-18. 
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Changes in the temperature affect the adsorption and desorption rate and capacity destructively. There 
are some techniques tried to decrease the adverse effect of adsorption/desorption heat. The increase 
in the pore size for phase change or increase in thermal conductivity of the adsorbent have met with 
limited success, so it was found difficult to obtain a uniform temperature across the particle regardless 
of external heat transfer devices. 
2.2 Alternative configurations to packed bed adsorbents for gas separation 
Small size adsorbents in the powder or granular form are applied in the traditionally packed adsorbent 
columns for conventional gas separation applications. In these systems such as rapid cycle pressure 
swing adsorption, VOC removal, desiccant cooling and other processes, pressure drop and mass 
transfer drawbacks have a significant economic impact. Reduction in the particle size is one of the 
methods to overcome the mass transfer problem in the conventional gas separation. However, by 
decreasing the particle size of adsorbents, the pressure drop will be increased, which may cause more 
energy consumption in the system. So, the bed geometry was changed, and the ratio of length to 
diameter of the bed was reduced to the value much lower than unity. Although, this reduction in the 
L/D ratio may cause less pressure drop, fluidization of adsorbents would happen when the packed 
bed becomes shallow with a large diameter. 
26 
 
2.2.1 Application of novel adsorbent structures for gas separation 
The cycle time is an important parameter in gas separation process that has a significant effect on 
purity and flow of product gas during adsorption and desorption. Nowadays, it is possible to decrease 
the cyclic time in PSA processes by application of newly structured adsorbents and new valve 
technologies that give an advantage over TSA process. Small adsorbent such as a small pellet or 
granular particles may fluidize due to fast pressure swing, and this may cause a reduction in 
performance and increase in bed pressure drop. Also, the fluidized fine particles may cause damage 
to the valves and downstream equipment. An alternative approach to overcome the pressure drop and 
mass transfer problem is to use the novel non-particulate adsorbent structures. Fluidization and 
pressure drop problems in rapid swing operations can be avoided in these newly structured adsorbents 
by using nanoparticles or nanocrystals of the microporous adsorbent material, such as zeolites or 
active carbon on a support material such as a honeycomb monolith or cloth sheet containing 
macroporous channels (widths 450 nm). Moreover, packing of these adsorbents can facilitate mass 
and heat transfer within the solid bed, reduce bed pressure drop and allow for a greater volumetric 
density of the adsorbent than can be achieved with pellets 2, 18.  
The structured adsorbents have the ability to be engineered and reveal some advantages over 
traditional packed bed adsorbents. So, the critical parameters that should be considered in the 
development of these adsorbents were discussed below: 
Working capacity (loading per unit system volume):  
Due to improved porous structure of these adsorbents, they revealed relatively higher working 
capacity compared to adsorbent materials in the form of pellets/beads. However, the development in 
the structured adsorbents with the aim of operation at faster cyclic times that simultaneously reduces 
adsorbent’s density is unfavorable to throughput (see Eq. 2-5). Thus although structured adsorbents 
may have remarkable advantages over adsorbent pellets, their throughput is often lower. However, 
adsorbent’s loading is not necessarily a desirable parameter in all adsorptive processes. Since 
throughput and working capacity are related factors, an optimum loading should be determined for 
the structured adsorbents. 
Pressure drop: 
Pressure drop in structured adsorbents can be reduced by controlling and minimizing the voidage, ε, 
for instance by using parallel channel adsorbents. On the other hand, due to the much lower tortuosity 
of the channels in structured adsorbents compared to the packed bed of granules, packed beds show 
larger pressure drop than the structured adsorbents with equal voidage. 
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Mass transfer: 
One of the options to reduce the mass transfer resistance in packed bed processes is to reduce the 
particle size of adsorbents, though it may cause higher pressure drop and lower mechanical stability 
(fluidization) in the system. The advantages of a rigid adsorbent structure are therefore readily 
apparent. 
Heat transfer: 
Structured adsorbents can positively impact the thermal behavior of an adsorber bed by selecting a 
suitable support material with a favorable thermal conductivity and facilitating the dissipation of heat 
by designing macroporous wall structure. Consequently, the thermal properties of the system can be 
carefully engineered and achieve a uniform temperature distribution across the adsorbent.  
There are many studies on adsorption and separation of gasses, using alternate forms of structured 
adsorbents such as monoliths, laminates, foams and fabric structures which will be discussed in the 
next sections. 
2.2.2 Monoliths 
Monoliths are structured supports composed of extended parallel channels separated by thin walls, 
with a variety of cross-sectional shapes (Figure 2-2). The use of monoliths in adsorption process is 
rather new compared to its applications in the catalytic field 35-36. However, monoliths for adsorption 
are often entirely comprised of adsorbent (or at least highly filled) while catalytic monoliths usually 
rely on a wash coat of active catalyst on a monolithic support 18. 
The particular structure of monoliths that includes a continuous body with similar channels, high void 
fraction, and the large geometric surface area significantly decreases the common problems of 
conventional adsorbents such as fluidization, high-pressure drop, etc. Low-pressure drop as one of 
the most required parameters in PSA processes in term of lower power consumption, higher product 
recovery, purity, and productivity is one of the main advantages in the monoliths over the packed 
beds 36. Compare to the packed bed of commercial pellets, monoliths show almost 3-5 times lower 
pressure drop and consequently 3-5 times faster adsorption process. However, low loading of active 
adsorbent material may be appearing as one of the problems of these structures. Also, not all the 
adsorbent material present in the skeleton of the monolith wall is accessible to the adsorbate 
molecules passing through the channels. In the study by Li et al., on the separation of oxygen from 
air using 5A zeolite coated by binder on monolith surface and zeolite pellet, they have found that the 
monolith structure showed lower adsorption capacity and pressure drop compared to the pellets 37-38. 
They have concluded that the long diffusion path in the thick monolith walls may cause weak ability 
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of gas molecules to transfer to the adsorbent surface. However, Patton et al. showed that there is a 
possibility to improve the separation performance of the monoliths by reducing wall thickness and 
increasing the cell density or use hexagonal rather than square cell shape 39. 
There are three significant parameters in the monoliths that help to characterize their geometry 
including the form of the channels or cells, the channel size, and the wall thickness (See Figure 2-2B). 
Other characteristic parameters, like cell density (number of cells per unit surface area), the geometric 
surface area, and the void fraction can be calculated. These parameters can be measured using the 
following equations for monolithic structures with square channels; 
 4 ( )m ch wa n d    
2( )m ch wn d    
Eq. 2-19 
where am is a geometric surface area (m
2.m-3), n is cell density (cpsi or cm-2), dch is channel diameter, 
δw is wall thickness, and εm is monolith void fraction. The high void fraction and large geometric 
surface area, and, hence, a short diffusion length in a catalytic or adsorptive layer are the most 
advantageous characteristics of a monolithic structure. The diffusion length can be in the nano-scale, 
and the geometric surface area can be as large as 5000 m2.m-3. 
The number of cells per unit of cross-sectional area are called cell density and expressed as cells per 
square inch (cpsi). Regularly, a monolith with higher cell density demonstrates a better adsorption 
performance because of its higher geometric surface area and solid loading. But, an increase in 
geometric surface area and pore structure causes a reduction in the adsorbent’s density that weighed 
against the added cost of monolith manufacturing, since the production of such structures is 
complicated and challenging. Furthermore, monoliths at such high density (several hundred to over 
one thousand cpsi) with a large loading capacity of active adsorbent are not available yet in 
commercial quantities. On the other hand, an increase in the cell density causes an increase in pressure 
drop. 
Monolithic adsorbents are produced by two different methods. In the first technique, adsorbents will 
be extruded directly into a monolithic form such as carbon monolith, known as an integral monolith. 
And in the second method, a thin film of adsorbents will be deposited on the surface of the stable 
monolithic structure that acts as a mechanical support, the product called the coated monolith 40. The 
main difference between these two types of monoliths is the difference in their adsorbents presents 
per unit volume of the monolith. In a comparison of basic and coated-type structures, it was (trivially) 
observed that the integral-type structure has a higher adsorption capacity per unit reactor volume, 
because of the higher carbon content 41. 
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Figure 2-2 A) Drawing of a monolithic structure. B) Geometric parameters for a monolithic structure 
with square channels 35. 
 
The integral type monolith can be produced by extrusion of the mixture of (1) type of carbon or 
carbon precursor, (2) binder, and (3) extrusion aids/plasticizer. The product should be solidified and 
then carbonized and activated. Some ceramic binders can be added to the mixture to increase the 
strength and stability of the product and also to avoid shrinkage of the monolith structure during 
carbonization step. In the case of coated monolith, the structure is ceramic or metallic based that will 
be covered on top or in the pores. The increase in the coating layer thickness results in a reduction of 
void fraction and geometric surface area. There are several methods have been used for deposition of 
the adsorbents on the monolith surface namely, the melting, dip coating, wash coating, and chemical 
vapor deposition 35. In the melting method, coal tar pitch as the carbon source will be melted and 
penetrated the pore structure of ceramic monolith, while in the deep coating, the monolith should be 
immersed and soaked with liquid polymer and then in both cases the coated structure should be 
heated, carbonized and then activated. However, in some cases, such as zeolite coating on the 
monolithic honeycomb structure, deep coating method leads to low overall loading 36, 42. Honeycomb-
shaped activated carbon monolith are desirable for applications wherein a reasonably high rate of 
fluid flow and a low level of back pressure are required, but the formation of such shapes with a level 
of strength sufficient to withstand handling and use as an adsorbent filter is problematic 43.  
2.2.3 Laminates 
Laminate structures are a simpler form of monoliths in which the channels are replaced by 1D slits. 
Like monoliths, laminates also can theoretically display significantly better adsorption performance 
than a packed bed and avoids the fluidization problem of packed adsorbers 44.  
Process rates exhibit mass transfer resistances due in part to various surface resistances. Laminates 
are used to minimize these resistances by (a) providing a high surface/volume ratio, and (b) making 
a uniform minimum thickness structure supporting the active adsorbent/catalyst 45. Laminates are 
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made up of support materials such as sheets that are coated with some adsorbent layers on one or both 
sides. The adsorber elements include at least two laminates that are separated by a spacer between 
them. Spacers can be formed between laminates to make the spaces or channels between them and 
facilitate the pressure equalization in the adsorbent’s structure. The spacer size can be uniform or 
change from the first to the second end of the laminate. Number and size of channels are important 
factors in the design of laminates, so they should be planned carefully to avoid the adverse effects on 
productivity and purity of the process. In the case of fast cyclic separation, the channel sizes should 
be adjusted with the cycle frequency, so if the channels are not well-developed, the high cyclic rate 
would be impossible due to very high-pressure drop in the adsorbent. Uniform design of channel 
thickness between adsorbents helps to have high-performance adsorbent laminates since narrow 
concentration fronts cause high productivity and recovery at high purity. So, both the applied 
adsorbents thickness and height of the spacers defining the channels should be organized 
accurately 45.  
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Figure 2-3 A) laminate with an adsorbent coated on both sides (double-sided coating), B) side 
schematic view of plural laminate sheets positioned adjacent one another and spaced one from another 
by spacers, C) a schematic plan view of a concentrically wound, continuous adsorbent layer having 
spacers placed thereon to space concentric rings of adsorbent sheets one from another 45. 
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Laminate adsorbents suitable for high-frequency PSA processes can be produced by forming a slurry 
that includes a liquid suspending agent, an adsorbent and a binder that will coat the laminate support’s 
surface. The slurries contain adsorbent and some colloidal materials capable of forming a gel such as 
a colloidal silica-based binder, colloidal alumina, zirconia, etc., that will be milled gently to have a 
higher density of adsorbent when they wanted to be applied to the support. There are several methods 
for implementing the slurry to the support such as using a transfer roll, a roll coater, a split roll coater, 
a spray coater, a sequester roller, a flooded-nip coater, etc. The support material can be selected from 
the group of conducting and non-conducting materials such as glass fibers, ceramic fibers, stainless 
steel, metal mesh, metal foil and carbon fibers. Metallic mesh supports with desirable heat capacity 
and conductivity have the ability to reduce temperature variations in the PSA cycle.  
Kafer et al. fabricated zeolite based laminates formed from flexible adsorbent sheets for high PSA 
frequencies (150 cycles per minute) process 45. The produced laminates had an adsorbent thickness 
of 100 to 175 microns, and the channel width between adjacent adsorbent sheets of the adsorbers was 
in the range of 50% to 200% of the adsorbent sheet thickness 45-46. The adsorbent’s thickness should 
be sufficient for efficient function of the PSA process. This thickness of the coating is around 50 to 
300 microns on one or both sides of the sheet.  
On the other hand, similar to monoliths adsorbents, laminates also show low adsorbent density 
especially because of the existence of binder and external support. Also, thin sheets with small space 
between them reveal adsorption behavior similar to that of compact monolithic structure, higher 
pressure drop, higher adsorbent capacity and lower mass transfer residence 18. However, by adjusting 
the spaces between the sheets, it would be possible to control the pressure drop, adsorbent loading as 
well as mass transfer resistance. Finally, due to complicated production procedure of laminate 
adsorbents, use of them in separation processes is not common.  
2.2.4 Foams 
In recent years, the interest in foam structures as sponge-like hierarchical materials with cellular 
microstructures has increased. They gained attention in various applications including catalyst 
supports 47-48, porous media burners 49-50, heat exchangers 51, ion exchange 52 and adsorption 53 mainly 
due to the properties these materials offer, such as high surface area, high permeability, low density, 
low specific heat, and high thermal insulation. Foam structures are characterized by large pores of 
micrometer sizes with a high degree of interconnectivity. Two different types of pores are usually 
seen in the foams: one is surrounded by walls, which is called a “closed cells” and the others are the 
cells with a “window” exists in the connecting walls between two neighboring cells that are called 
“open cells”. Cell size, morphology, and open cell percentage are also important factors which affect 
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potential applications of these materials. Closed-cell structures are mostly limited to thermal 
insulation application, whereas open-cellular and interconnected ones are largely used in many 
applications which are involved with fluid transport such as adsorbents, filters, and catalysts 54. The 
pore structures of typical commercial open cellular foams are shown in Figure 2-4. The mean pore 
diameter,  is one of the most predominate characteristic parameters that is related to the pore 
density of foam materials size that is usually expressed as pore count “pore per inch” (PPI) and is 
between 5 to 100 PPI in commercial foams. A variety of shapes and sizes, such as cylinders, rings, 
rods, or custom designed configurations can be fabricated by using appropriate plastic preforms. 
 
 
 
 
Figure 2-4 A) Pore structure of a 30 PPI, 99.5 wt.% α-Al2O3 ceramic foam 55 B) SiC foam 
prepared by shape memory synthesis 56 C) 10-, 20- 30- and 45 PPI foams with porosities between 
75% and 85% and 40 PPI metal foam (from right to left) 57. 
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Due to high porosity structure, radial mixing, tortuous flow paths and enhanced turbulence in the 
pores of open cellular foams, the cellular foam structures potentially offer significant advantages as 
catalyst supports or adsorbents in adsorption beds. The open foam structures allow radial mixing of 
fluids, which leads to improved heat and mass transfer, compared to pelletized or conventionally 
structured supports (e.g. honeycomb monoliths). The presence of macropores in the foam structures 
which are large enough to allow molecules to enter and leave the structure freely reduces the pressure 
drop significantly in adsorption processes. Cellular foams in catalytic beds show, as the most 
conventionally used monoliths, low-pressure drop and high bed porosity, which allow reactor 
operation at very high superficial velocities (high flow rates) 47, 55, 58-59. They also facilitate operation 
at low contact time processes such as pressure swing adsorption (PSA), which may increase 
adsorption selectivity and performance. Beside good mass transfer performance, heat transfer can be 
done through conduction, convection and to the walls.  Metal foams as the adsorbent support can be 
an ideal for heat exchanger because of their high surface area and optimal thermal properties.  
Typically, high porosity of foam materials results in their low bulk density and mechanical strength. 
The mechanical strength of these structures usually increases with bulk density for a particular degree 
of densification. In adsorption processes, the high porosity could be a drawback of these hierarchical 
structures due to the low density of active material compare to the same volume activity as a packed 
bed of pellets 18. Also, the high adsorbent’s tortuosity and porosity of such structures in several cyclic 
processes such as PSA or partial PSA devices may cause a decrease in their separation performance. 
One of the studied methods to overcome this problem in the separation processes is the use of 
nanoparticles or nanocrystals of the microporous adsorbent material, for example, zeolites or active 
carbon to coat the monolith supports [9, 12]. However, in the covered structures or in the case of 
using binder between the adsorbent particles, adsorption capacity per unit reactor volume would be 
decreased due to the use of non-adsorbent materials in bulk [10]. Using adsorbent materials such as 
carbon to produce foam structures make it possible to avoid the adsorption capacity loss as a result 
of the non-adsorbent materials in the adsorption bed.  
Carbon materials reveal attractive properties such as high specific surface area and micropore volume 
that makes them one of the suitable candidates to be used for foam structures 60. Excellent electrical, 
optical, thermal and mechanical stability of carbon foams beside their promising thermal and 
electrical conductivities, makes them one of the attractive materials for numerous applications 61. By 
choosing appropriate raw materials and processing conditions, carbon foams with a broad range of 
properties which are suitable for various fields can be obtained. In the next part of this chapter, the 
carbon foam’s preparation processes, and their precursors were reviewed. Effect of mentioned 
parameters on pore structure, density, and application of carbon foams were studied. Among different 
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production methods, bubble growth and template methods as the most popular methods were 
discussed widely.  
2.3 Production of carbon foams using bubble growth method 
One of the methods carbon foams typically produced is formation and growth of bubbles in the molten 
precursor due to the exchange of mass, momentum, and energy between the molten raw material and 
this new vapor phase 62. As long as bubble’s development affects microstructure and thermal, 
mechanical and electrical properties of the resultant foam, these structures can be designed by 
controlling the growth of vapor phase and its solubility. Many parametric changes affect the bubble 
size and its final shape. The foaming temperature was found to have a significant effect on the final 
structure of synthetic pitch based foam due to the release of gases from the molten pitch at high 
temperature and diffuse into bubbles 63. Incorporation of some additives such as carbon nanofibers 
64, montmorillonite clay 65 and mesocarbon microbeads 66 to the foam precursor was also reported 
significantly enhances the resultant carbon foam’s strength and bulk density. Initial bubble pressure 
was found to be one of the other parameters influences bubble’s growth and shape (see Figure 2-5) 
67. Also, structure and properties such as mechanical strength and apparent density of produced carbon 
foams can be affected significantly by the precursor’s characteristics 68. To prepare economical 
carbon foams by bubble growth method, many different raw materials such as AR mesophase pitches, 
polyimide resin and synthetic pitch from organics have been studied. In this chapter effect of various 
fabrication parameters in the bubble growth foaming was reviewed.  
2.3.1 Using pitches as precursor  
Due to high carbon content, low price and ability to produce carbons with different characteristic 
structures and properties, coal and petroleum tar pitches are well known and suitable raw materials 
in the industrial carbon preparation. Chemical composition and physical characteristics of pitches are 
the key parameters in controlling the properties of derived carbons. Thus, the pitch properties need 
major consideration 69. Table 2-1 shows a summary of some studies in the production of pitch-based 
carbon foams. 
 
Figure 2-5 Effect of increase in initial pressure of bubbles (left to right) on the size and shape of 
growing bubble drawn at each 0.01 s for 0.1 s (the last line of each drawing shows the bubble at the 
end of growth period) by Beechem et al. 67. 
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Table 2-1 summary of some studies in the production of pitch-based carbon foams. 
Precursor 
Softening 
point (K) 
Pressure 
Foaming 
temperature (K) 
Carbonization 
Temperature 
(K) 
Foam 
density, Bulk 
(g.cm-3) 
Foam 
porosity 
Compressive 
strength 
(MPa) 
Ref 
Mitsubishi ARA24 510 
Dif. P 903 1273 
0.22-0.54 - - 
70 
Conoco Dry 
Mesophase 
628 0.33-0.56 - - 
Treated commercial 
coal tar pitch 
483 1 MPa 773 1273 (N2) 0.52 73.4 11.9 71 
Coal tar pitch 367 
2.0, 4.0, and 
6.0 MPa 
 1323 - - - 
72 
 
petroleum 
mesophase pitch 
567 
Treated coal tar 
pitch 
623 
3.5 MPa 773 1273 
0.67 64.8 18.2 
73 
Treated QI-free coal 
tar pitch 
0.56 72 8 
Treated coal-based 
SynPitch 
593 0.42 79.7 2.8 
Treated A240 
petroleum pitch 
623 0.34 82.9 3.9 
Treated coal tar 
pitch 
533  
1 MPa 853 1273 
0.57 71.2 17.4 61 
553 0.52 68.1 15.9 
AR pitch 556 2, 4, 6 MPa - 1323 0.34 - 0.6 72.47 – 83.82 3.5-9.5 74 
Treated isotropic 
petroleum pitch 
553 
0.5, 1, 1.5 and 
2 MPa 
773 1273 
0.32-0.41 82.9-77.9 
- 75 
Treated isotropic 
petroleum pitch 
603 0.51-0.62 72.7-66.9 
AR-mesophase-
pitch 
548 0.5 MPa 733 1273 
0.197 & 
0.224 
87.9 & 82.1 - 76 
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2.3.2 Precursor’s characteristics 
Different types of carbon foams have been developed using mainly commercial coal, or petroleum 
tar pitches 72-73, 77 and mesophase pitches 72, 76, 78 as the precursor. The thermal plastic behavior of 
pitches is one of the important factors in mechanical, thermal and electrical properties of produced 
carbon foams. During foaming process which involves controlled heating of the pitch precursor at 
ambient or high pressure and in an inert environment, the evolving volatiles from the light fractions 
decomposed as a result of heat and serve as bubble agent in the liquefied sample. Creation and 
growing of these bubbles in the high viscose precursor increases the sample’s volume as well as its 
viscosity. Further heating results in solidification of the precursor which fixes the available bubbles 
in the foam as the pore structure. Chen et al. 73 showed this process by drawing the viscosity (Gieseler 
fluidity) and swelling (dilatation) of a typical coal tar pitch as a foaming precursor during heating 
process (See Figure 2-6). In Figure 2-6A, it can be seen that the solid raw material (stage 1) starts to 
be softened by increasing the temperature and become fluid (step 2). Viscosity increases fast to the 
maximum value (step 3) and then reduces to the final solidification (step 4). In Figure 2-6B, the solid 
raw material (step 1) starts to swell after liquefaction the sample (step 2) due to evolving the gas. The 
evolving gas that causes expansion of sample is a result of sample’s pyrolysis and usually reaches the 
maximum at the highest viscosity (stage 3). The volatile matters will continue to evolve after 
solidification that causes the creation of open-cells. However, if de-volatilization finishes before 
solidification temperature, the cell would be closed. Thus, foaming precursor’s viscosity and swelling 
volume are significant parameters affecting the resultant foam’s properties, which can be controlled 
by pre-treatment of raw materials. 
Klett et al. 70 have studied two different mesophase pitches of Mitsubishi ARA24 and Conoco Dry 
Mesophase with softening points of 510 and 628 K, respectively and found that the produced foams 
at 1273 K under the same pressure show different bulk density values. They have concluded that the 
samples with higher melting point have higher viscosity during the foaming process which results in 
the creation of smaller bubble size and higher bulk density of ultimate foams. These results are in 
agreement with the results of a study by Wang et al. 75 on carbon foam prepared using two mesophase 
pitches with different softening points at 773 K and different pressures of 0.5 to 2 MPa. They have 
found that between two carbon foams developed under the same temperature and pressure, the pitch 
had a higher viscosity and less released volatiles, formed smaller pore size and higher bulk density. 
In another study on the foaming process of four different pitch precursors at 773 K under N2 
atmosphere and pressure up to 3.5 MPa, it was showed that difference in the precursor viscosity 
affects the resultant foam’s pore structure, bulk density and mechanical strength 73. The difference in 
chemical reactivity, the degree of aromaticity and molecular weight of the pitch molecules affects the 
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precursor’s viscosity during the foaming process 70, 79. Therefore, the low viscosity of the precursor 
at foaming temperature is due to their higher light fraction which causes more bubble growing and as 
a result more porous foam structure. The increase in porosity causes a decrease in bulk density and 
affects compressive strength of the resultant foam.  
The higher initial viscosity of precursor was also reported that increases growth rate of bubbles due 
to the presence of the higher foaming agent in the raw materials 80. Li et al. 63 have produced carbon 
foams from mesophase pitch to study the effect of the molten pitch’s viscosity on the foaming process 
and formation mechanism of carbon foams. In the development of microstructure of carbon foams, 
they have concluded that viscosity and surface tension of molten pitch are critical parameters and 
smooth control of these factors during foaming helps to achieve the desired microstructure. However, 
it was found that thermal conductivity and lattice parameters of the produced foams are insensitive 
of different precursor’s behavior 70.  
 
 
Figure 2-6 Gieseler fluidity (viscosity) and dilatation (swelling) of a typical foaming 
precursor 73 
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Commercially available pitches need to be treated before the foaming process to adjust their plastic 
properties and meet the foaming requirements. Their fundamental problem is their low density which 
makes the formation of cells difficult. Pre-treatment that includes polymerization and condensation 
can be done by using different thermal or chemical treatments to adjust the viscosity and degree of 
anisotropy of the precursors before foaming. Table 2-2 shows some of the modification and pre-
treatment methods applied on pitch precursors in different research works. 
Table 2-2 Summary of modification and pre-treatment methods applied on pitch precursors 
Precursor 
Preliminary 
softening 
point (K) 
Treatment 
Heat treatment 
temperature (K) 
Final softening 
point (K) 
QI 
(%) 
Ref 
Commercial 
coal tar pitch 
345 
H2SO4 treatment 
at 393 K 
- 413 3.5 
71 
H2SO4 treatment 
at 393 K 
623 483 13.11 
Commercial 
coal tar pitch 
 
348 
Air-blown 
523 
473 9.9 
69 
H2SO4 treatment 
at 393 K 
483 17.21 
HNO3 treatment 
at 393 K 
503 10 
H2O2 treatment 
at 393 K 
460 9.42 
Coal tar pitch 
383 
Heat treatment 
in a 1 l 
autoclave 
between 473 to 
673 K 
623 
- 
73 
QI-free coal 
tar pitch 
- 
Coal-based 
SynPitch 
383 593 - 
A240 
petroleum 
pitch 
390 623 - 
Commercial 
coal tar pitch 
375 
H2SO4 treatment 
at 393 K 
523 
553 13.11 
68 
HNO3 treatment 
at 393 K 
533 11.06 
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Thermal modification and air blowing are some of these pre-treatments widely used to increase the 
softening point and carbon yield of precursors as well as controlling its viscosity 69. Petroleum pitch 
was carbonized under vacuum condition at 703 K for 5 h to increase its melting point to more than 
543 K and develop its anisotropy 81. The prepared mesophase pitch showed the most homogeneous 
distribution of larger condensed molecules due to dehydrogenation and removal of the lightest 
components. The removal of lightweight components is necessary to produce mesophase pitch and 
increase the viscosity and melting point of parent pitches 82-83. Coal tar pitch modification by air 
blowing polymerization technique at 548 K for 14-18 hours changed the chemical and physical 
properties of precursors, as well as their thermal behavior 84. This treatment leads to extensive ring 
condensation due to the formation of cross-linked oligomers and large planar macromolecules. The 
relative contribution of these reactions depends on the chemical composition of the parent pitch and 
the temperature of air-blowing. These results are in accordance with the study by Zeng et al. 85 about 
modification of three different raw materials of coal tar pitch NP80, its hydrogenated NHP, and 
petroleum pitch A60 by air-blowing at 603 K, which showed that modified NP80 and NHP have 
higher degree of aromatic condensation and larger QI content than the petroleum one. Furthermore, 
heat treatment increases the thermal stability of the precursor and decreases the weight loss in the 
foaming stage since the evolving volatiles would be adjusted before. 
Besides thermal and air blowing modification, chemical treatment is another oxidation method to 
modify the plastic behavior of precursors. Petrova et al. 69 used chemical and air-blowing treatment 
for the increase of the softening point of a commercial coal tar pitch. H2SO4, HNO3, H2O2, and air-
blowing as different oxidation reagents were applied in the treatment of precursor at 433 K and heat 
treatment was performed at 523 K. They have reported that the yield of modified pitches was 
considerable in the case of treatment with chemicals and lesser in air blowing method. The data 
obtained also indicate some differences in the composition and softening point of pitches obtained 
after modification with different reagents. Figure 2-7A and B show the comparison of softening point 
and yield of the modified pitches, respectively. Oxidation treatment causes de-alkylation and 
formation of oxygen-containing structures. A part of the obtained aromatic structures and radicals are 
oxidized, producing aryloxy peroxide radicals 85. During the heat treatment, more condensed aromatic 
ring structures would be formed due to decomposition of developed radicals. The presence of these 
aromatic ring structures leads to an increase in TI and QI fraction and results in considerable increase 
in the softening point of the pitches. 
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Figure 2-7 The comparison of softening points of parent and modified pitches 69. 
 
 
2.3.3 Effect of foaming pressure and molding  
Carbon foams are commonly prepared via heating the pitch precursors in a closed container up to a 
temperature of slightly above the softening point and kept for a relatively long time. During the 
heating process, the container’s pressure can be controlled by the volatiles released from the pitch 
precursor or by inserted inert gas up to a few MPa. Heating the precursor at the designed pressure for 
the required time produces a supersaturated solution of the gas in a molten precursor. Sudden 
releasing the pressure will yield a foam structure that can be carbonized in an inert atmosphere and 
then graphitized if necessary. Mechanism of the foaming process by the rapid release of pressure can 
be explained by beginning the growth of formed bubbles in the melt due to the expansion of vapor 
phase inside the bubbles at lower pressure 67, 86. As long as this growth by rapid pressure release 
determines the microstructure as well as the thermal, mechanical, and electrical properties of the 
resultant foam, the foaming pressure is one of the key parameters in this process. 
The significant effect of foaming pressure on bubble size and the carbon matrix structure of the foam 
was reported in some studies 70, 74-75, 87-88. Effect of foaming pressure was investigated by Wang et al. 
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74 in the production of carbon foam using AR pitch in a high-pressure/high-temperature reactor, and 
pore structure, bulk density, porosity and compressive strength of resultants were analyzed. They 
have reported less uniform pores and the higher open-cell rate at high pressures which may affect 
compressive strength and thermal conductivity of produced carbon foams. At the same heating 
conditions, porosity and pore size of the resultant foams decreased with linear relation to elevating 
pressure while bulk density and compressive strength are enhanced. These results are in accordance 
with the study by Wang et al. 75 that showed as the foaming pressure increased from 0.5 to 2 MPa, 
the resultant pore size decreased from 300–500 µm to 200–400 µm and 100–300 µm, for two 
mesophase pitches with different softening point derived foams, respectively, and the junctions and 
ligaments got progressively thicker. Bulk densities and the total porosities of the carbonized foams 
were increased with increasing foaming pressure. It was concluded that the increasing pressure at the 
high-temperature results in evolving of less volatiles and formation of smaller pores, and so the higher 
bulk density.  
Eksilioglu et al. 87 have used mesophase AR pitch at 573 K and various pressures of 3.8 to 7.8 MPa. 
Figure 2-8 shows the SEM images of produced carbon foams in this study at different pressures. They 
have reported more open-celled interconnected porous structure with better alignment of mesophase 
molecules at higher pressures. However, the produced foams at lower pressures showed an 
undeveloped structure with significantly lower pores. The produced foams at higher pressure revealed 
higher bulk density, compressive strength, and total porosity. The higher compressive strength of the 
samples produced at higher pressures was mentioned is related to the greater expansion stress of 
bubbles during rapid depressurization from high pressure to atmospheric pressure, resulting in the 
opening of connections between cells while low-pressurized carbon foams showed cracks on their 
undeveloped texture reduced their compressive strengths.  
Other researchers also explained that the foaming process includes alignment of ligaments under 
generated stress by the evolving volatiles at moderate pressure and temperature. Therefore, foaming 
pressure as the important factor in the bubble growth step affects the foam properties 70, 75, 87. 
Operating pressure was found to have more influence on the graphitic characteristics of the resulting 
foam, such as lattice parameters, thermal conductivity, etc. than the precursor properties 70. After 
graphitizing the carbon foam at 3073 K, Wang et al. 74 have reported that prepared graphite foams at 
low bubbling pressure of 2 MPa (compare to the highest pressure of 6 MPa) exhibited lower interlayer 
d-spacing (d002) and higher thermal conductivity of 71.34 W.(m.K)
-1. 
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Figure 2-8 SEM images of mesophase AR pitch-based carbon foams produced at different 
pressures 87. 
 
On the other hand, if the heat treatment lasts for enough time under the foaming pressure, there won’t 
be a need for any stabilization step before carbonization process 54.  
2.3.4 Heat treatment 
Thermal treatment and increased temperatures during foaming process decomposes the aliphatic 
chains adjacent aromatic rings of pitch and causes the generated gas phase be released from the molten 
pitch. The solubility of a gas in the molten sample is decreased by changing the chemical structures 
of the pitch. By increasing the foaming temperature gases saturate and separate from the molten pitch 
phase, and bubbles begin to form and grow 63. Foaming temperature and duration are the main factors 
studied in a heat treatment that affects the pore structure and properties of resultant carbon foam.  
In a study by Wang Yong-gang et al. 74, they have produced AR pitch-based carbon foam with 
different heating conditions as follows: (A) temperature only maintained at the final temperature for 
15 min; (B) temperature was kept at the softening point for 1 h and at the final temperature for 1 h. 
They found that longer heating time results in an increase in pore size, and open-cell rate. It was also 
showed that increasing the heating duration would be helpful for liquid crystal growth, coalescence, 
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and reorientation on bubble surface during preparation. Long heating time at constant temperature 
was found to be favorable for bubbling, and carbon foams produced at this condition revealed high 
porosity and low bulk density. However, their compressive strength was greater than the samples 
prepared at the same preparation pressure and shorter foaming time due to consanguineous 
connections of compressive strength with ligament structure. Also, graphitized carbon foams 
produced at longer foaming time exhibited higher specific thermal conductivity and lower interlayer 
d-spacing (d002), indicating that long constant temperature time in the foaming process is suitable for 
preparing high thermal conductivity graphite foam 74. 
Effect of foaming duration and stabilization conditions on the structural properties of mesophase-
pitch-based carbon foams were studied by Wang et al. 76. They have used AR-mesophase-pitch 
powders were pressurized by nitrogen until the final pressure of 0.5 MPa and was heated to 733 K 
for 2 and 10 h; then the reactor was cooled to room temperature and simultaneously the pressure was 
released. The foams soaked for 2 h were oxidized in an air flow and then both of the samples were 
carbonized at 1273 K for 15 min in a purified nitrogen flow. They have found that long-time cooking 
method can significantly reduce the microcracks in both junctions and ligaments of prepared carbon 
foams, and the products show better graphitic structure compared to those developed by oxidization 
process. Thus, the stabilization method can be chosen based on the specific applications to control 
the structural properties of mesophase-pitch-based carbon foam. 
In another study, the effect of pressure release times of 5 s, 80 s, 190 s and 600 s on carbon foam 
structure and properties at a constant temperature of 573 K and pressure of 6.8 MPa were investigated 
by Eksilioglu et al. 87. They have reported that faster pressure release time (5 S) increases the total 
porosity to 80%, bulk density to 0.56 g.cm-1 and compressive strength to 3.31 MPa while these values 
were 37%, 0.24 g.cm-1, and 2.16 MPa respectively for the produced carbon foam at longer 
depressurization time of 600 s. They have concluded that faster pressure release gives enough driving 
force to the volatiles to open relatively more uniform and interconnected pores while in the case of 
slower pressure release, the volatiles is rather routed and widen the pores due to the lower driving 
force of volatiles. In the case of faster pressure release method, cell walls, and ligaments became 
weaker in the structure, so carbon foams showed lower mechanical strength compared to more rapidly 
depressurized foam samples. 
Beside pressure release time, they have investigated the effect of process temperatures of 553, 556, 
566 and 573 K on carbon foam structure and properties. It was reported that as the temperature 
increased from 553 to 573 K, total porosity increased from 44.9 to 80.6%, bulk density from 0.38 to 
0.56 g.cm-1 and compressive strength from 1.47 to 3.31 MPa. They have interpreted the results as 
higher temperatures generated greater stress for a more efficient alignment and subsequently better 
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compaction to increase the density as well as a considerable increase in the compressive strength. At 
higher temperatures, the pitch has a lower viscosity and higher volatile release which causes the 
formation of more pores with the smaller size.  
Foaming temperature and time were reported also affects cell form and geometry 87. The increase in 
the foaming temperature results in more regular and uniform cell structure and more spherical cell 
geometry with better intracellular connection via pores. However, increase in pressure release time 
(foaming duration) causes deviations from spherical structure and growth in the number of cracks in 
the foam structure.  
2.3.5 Effect of additives on the structure of carbon foams 
Although carbon foams are attractive in many applications due to their properties such as light weight, 
a large external surface area with open-cell structure, and adjustable thermal and electrical 
conductivities, their low compressive strength and bulk density are not favorable in some 
applications. To improve these properties, addition of carbonaceous 64 or none-carbonaceous 65 
materials to pitch matrix before foaming was suggested. Beside bulk density and compressive 
strength, these additives can affect other properties such as thermal conductivity or electrical behavior 
of carbon foams 65-66, 89. Table 2-3 shows some of the studies have used various additives to pitch 
precursor to improving the final carbon foam’s properties.  
Novel carbon foams were prepared from mixtures of mesophase pitch and different additives by Li 
et al. 89-92, followed by foaming in a pressure vessel at 703 K. Then the green foams were carbonized 
at 1123 K for 2 h and finally, the carbonized foams were graphitized at 2573 K for 2 h. Zirconium 
was used as an additive to pitch precursor that was foamed with a soak time of 2 h to obtain the green 
foams 90. It was found that the addition of Zr can promote the degree of graphitization and increase 
crystallite size. Also, thermal conductivity was increased from 39.2 to 63.0 W.(mK)-1 after addition 
of 3 wt% Zr to the foam structure. However, the compressive strength of graphite foam was slightly 
lower than that of the undoped foams due to the presence of micro-cracks and its low bulk density. 
Besides, it was concluded that Zr in the form of ZrCl4 might also promote poly-condensation of 
naphthalene precursor, which increases the viscosity of the molten mixture. Such high viscosity of 
the doped mesophase pitch can hinder the combination of the bubbles, which will lead to the 
formation of a larger number of small bubbles (pores).  
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Table 2-3 Effect of different additives to pitch precursor on the final carbon foam’s properties 
 
Foaming 
Agent 
Additive 
Optimum 
Ratio 
Foaming condition 
Carbonization 
Temperature 
(K) 
Resultant foam characteristics 
Ref. 
Temperature 
(K) 
Pressure 
(MPa) 
Heating 
Rate 
(K.min-1) 
Bulk 
Density 
(g.cm-1) 
Compressive 
Strength 
(MPa) 
Thermal 
Conductivity 
(W.(mK)-1) 
Mesophase 
pitch 
Carbon black 10 wt.% 
703 
 
4 
2 
1123 
 
0.67 9.98 24 89 
Zirconium 3 wt% NG 0.72 3.9 63 90 
Short carbon 
fibers 
6 wt% 10.5 0.8 8.1 83 91 
Multi-walled 
carbon nanotubes 
1 wt% 4 0.77 5.1 66.8 92 
Mesophase 
pitch 
Clay-
montmorillonite 
5 wt% 773 8  1473 0.61 12.8 0.36 65 
Mesophase 
pitch 
Mesocarbon 
microbeads 
50 wt% 
733  3 2 1573 
0.78 23.7 43.7 66 
Mesophase 
pitch 
Pitch fluoride 3 wt% 0.51 - 155.4 93 
Mesophase 
pitch 
Carbon nanofibers  548 6.9 4 1273 - 4.5-6 - 64 
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Figure 2-9 The SEM images of carbon foams produced by mixing mesophase pitch with (a) 5% 
of clay and 10% of clay (b), done by Wang et al. 65. 
 
Li et al. 89 replaced carbon black by zirconia in another study and investigated the influence of 
graphitized carbon black content on the properties of carbon foams. They have reported that the 
specific compressive strength increased from 5.39 to 9.98 MPa after addition of 10 wt.% graphitized 
carbon black in the graphitized carbon foam. However, the thermal conductivity decreased gradually 
with increasing carbon black loading. The addition of short carbon fiber to mesophase pitch and 
foaming at 10.5 MPa with similar heat treatment, carbonization and graphitization condition as 
mentioned above improved the specific compressive strength as well as the thermal conductivity of 
resultant graphite foams 91. It was reported that viscosity of the molten mixture of precursors 
increased with increasing the fiber’s content, so the bubbles became difficult to combine, which lead 
to the formation of smaller pore size. At fiber fraction of 6%, there was an increase in both the 
concentration of cells and the cell wall thickness. Similar results were also reported by the addition 
of 1 wt.% multi-walled carbon nanotubes to mesophase pitch before foaming stage 92. Bao et al. 94 
found that addition of carbon nanotubes can improve the homogeneity of pore structure. They have 
shown an increase in the compressive strength of graphitized foam increases from 3.2 to 4.7 MPa 
after mixing mesophase pitch with 3.5 wt% carbon nanotubes. The one-dimensional structure of 
carbon nanotubes was reported that reinforces the mechanical strength of pore walls and ligaments. 
To improve mechanical properties of carbon foam, Wang et al. 65 have added clay-montmorillonite 
to mesophase pitch, and the mixture was heated under 8 MPa to the temperature of 773 K and was 
maintained in this condition for 1–4 h. Then the produced samples were carbonized at 1473 K. It was 
showed that high content of clay (>5%) causes the rising of pitch viscosity and softening point, as 
high as 603 K. As a result, it is difficult for the pitch to flow freely during the foaming above its 
softening point and the foam pore is inhomogeneous. The disadvantage of this high content of clay is 
that the thickness of cell wall of carbon foam becomes uneven and the imperfections are increased. 
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Figure 2-9 shows the SEM images of carbon foam with (a) 5% of clay and 10% of clay (b). On the 
other hand, due to the high thermal insulation and lamellar structure of clay, the thermal conductivity 
of carbon foam decreased from 2 to 0.25 W.(m K)-1. Si particles also were used as an additive to 
produce carbon foams with a relatively high compressive strength of 24.6 MPa and a porosity of 61% 
(when 50 wt% Si was added) 95. 
The addition of meso-carbon microbeads (MCMBs) into mesophase pitch was found significantly 
reduces the amount and length of cracks in carbon foams, which results in an increase of compressive 
strength of carbon foams 66. Carbon foam with the high compressive strength of 23.7 MPa and 
suitable thermal conductivity of 43.7 W.(mK)-1, was obtained by adding 50% MCMBs into 
mesophase pitch, followed by foaming, carbonization, and graphitization. The addition of MCMBs 
into mesophase pitch was stated that changes the viscosity and viscoelasticity of precursor which 
affects the pore size and the microstructure of carbon foam (Figure 2-10). In another study, Li et al. 
93 tried to improve the thermal conductivity of carbon foam using mixtures of mesophase pitch and 
pitch fluoride which were formed carbon foams in a pressure vessel at 733 K for 2 h under the 
pressure of 3 MPa. The carbonized and then graphitized foam showed highly ordered graphite crystal 
microstructure. They have mentioned that the interlayer spacing of samples decreases and 
microcrystal size and the specific thermal conductivity increases with the increase of pitch fluoride 
content. The addition of pitch fluoride was found not only minimizes cracks and rearrange the 
graphene sheets paralleled to the ligament axis but also improves the graphitization degree of as-
prepared material. 
 
 
Figure 2-10 Viscosity changes of pure mesophase pitch and mixture of mesophase pitch and 
MCMB at different temperatures studied by Li et al. 66. 
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2.4 Flexible frameworks for selective gas adsorption 
Metal–organic frameworks (MOFs) as a new class of tuneable nanoporous materials have attracted a 
lot of attention in gas separation and storage application especially in the last decade. They present 
high surface area and pore volume, as well as a tuneable chemical environment which depends on 
their building blocks and connected functional groups 96. Despite some similarity with zeolitic 
structures in some classes of MOFs, their structures may have the ability to undergo a phase change 
and structural alteration during the adsorption of different molecules which may largely affect 
adsorption-based separation technologies of strategic gases 97-98. Based on the changes in the heat of 
adsorption, Zhou et al. 99 reported phase transition in MOF-5 and ZIF-8 host lattices to a lower 
symmetry structure with increasing adsorbate loading, due to the gas-gas and gas-host interactions 
simultaneously. The interactions of light paraffin, olefin, and acetylene with flexible structure of 
RPM3-Zn (Figure 2-11) were examined by Nijem, et al. 100 and it was showed that the separation 
behavior of the C2 isomers depends on the H-bond strength and the presence of π-electrons. The 
stronger interaction of longer chain hydrocarbons and the noncoordinated C═O bond in RPM3-Zn 
was mentioned to be key reasons for the gate-opening pressure dependence (C2 < C3 < C4).  
2.4.1  Zeolitic imidazole frameworks (ZIFs) 
Zeolitic imidazole frameworks (ZIFs) as one of the hybrid structures are a sub-family of MOFs and 
consist of Zn or Co cations and imidazolate as linker with a similar structure to conventional 
aluminosilicate zeolites. Contrary to the firm structure of zeolites, ZIFs reveal a fascinating guest-
responsive flexibility behavior 101. This flexibility is a result of significantly weaker bonds of ZIFs 
(coordinative bonds, π-π stacking, hydrogens bonds, etc.) compare to the strong metal-oxygen bonds 
of zeolites (Si-O bonds are among the strongest covalent bonds known) 101. Between ZIFs, ZIF-7 as 
a compound of Zn metal clusters connected through benzimidazole (BIM) linkers, has a narrow pore 
size of about 3 Å in a vacuum condition and a flexible structure. Due to its unique gas adsorption 
behavior, this adsorbent attracts more interest in the recent studies 96, 102-104. Freedom of the BIM 
linkers to rotate over a particular angle, allowing molecules larger than its pore size to enter the main 
cavities 96. This phase change of ZIF-7 was reported in the presence of some gas molecules such as 
CO2 
104-105, ethane, ethylene 96, C2 and C3 alkanes 106 previously which causes 2-3 steps in the 
adsorption isotherm of these gases with increasing the pressure.  
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Figure 2-11 Side view of the RPM3-Zn structure (a), dihedral angle in the bpdc ligand (b), local 
fragments of ethane (c), ethylene (d), showing the interaction with the inter-ring C—C (left) and with 
the C═O (right), and acetylene (e), respectively adsorbed in the RPM3-Zn. Bond lengths in blue are 
in Å, and ΔE in kJ.mol-1. For ethylene two possible adsorption sites are presented 100. 
2.5 Adsorption-based separation of helium from natural gas 
Designing selective adsorption processes may also allow separation of He from N2 after NRU in NG 
processing units. NG contains a small fraction of helium, typically only 0.3 % in “helium-rich fields” 
6. Recovery, upgrading and purification of helium from such a dilute mixture is a challenging gas 
separation processes: the conventional cryogenic distillation technologies used to recover He are 
expensive and energy intensive 3. Compared to N2 (kinetic diameter of 3.64 Å) and CH4 (kinetic 
diameter of 3.8 Å) molecules, the smaller molecule size of He with a kinetic diameter of 2.60 Å has 
the advantage of accessing narrow-pore adsorbents which are restricted for larger molecules. Using 
small pore size adsorbents (pores smaller than 4 Å) may assist a molecular sieving or steric separation 
of He from N2. Also, the pore volume and surface area accessible to He but not N2 would need to be 
sufficiently high to allow practical adsorber bed sizes.  
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2.5.1 Helium as one of the valuable components of natural gas 
Helium is the coldest known liquid, with a boiling temperature of 4.2 K inert and non-flammable 
nature, and small molecular size. These features make helium a good candidate for a broad range of 
critical medical, scientific and industrial applications such as the operation of Magnetic Resonance 
Imaging (MRI) scanners, used predominantly in hospitals. The MRIs use liquid helium as a coolant 
for the superconducting magnets thus making it possible to generate high-resolution images of the 
human body. Helium also provides fast and controlled cooling in many industrial processes and high-
energy physics experiments such as particle accelerators because of its high heat transfer efficiency. 
It is also used extensively in space and defense industries; in welding (as a blanket gas); leak 
detection; the production of semiconductors and breathing mixtures of deep-sea divers and operating-
room patients (helium + oxygen) to avoid nitrogen narcosis. 
 
Figure 2-12 Total helium used in the U.S. in 2011 was estimated to be 48.3 million cubic meters 107 
 
At present, the US produces almost 75% of the global supply of helium 107. The US Government 
began storing helium during the First World War, and since then has been selling it cheaply, 
effectively distorting its market value. That program is now due to end, with the cost of helium 
expected to increase dramatically in coming years 108. There are limited helium-bearing natural gas 
resources in selected geographical locations across the world in which are the primary source of large-
scale extraction of helium. Natural gas is made up of a composite mixture of several gaseous 
components, including a substantial level of heavy hydrocarbons apart from methane, nitrogen and 
only traces of helium; typically, “helium-rich fields” have levels of only 0.3 %. Producing a 
concentrated helium stream from such a dilute mixture is a challenging gas separation: the 
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conventional cryogenic distillation technologies used to recover He are expensive and energy 
intensive 3. 
Besides the traditional cryogenic separation process for helium recovery, recently more study on an 
adsorption based non-cryogenic helium purification system has been conducted 109-110. In this way, 
helium can be separated out from the natural gas stream using the pressure swing adsorption (PSA) 
process. Different stages should be designed to adsorb the non-helium components present in the 
feed. However, helium recovery by selective adsorption of the He from various gas mixtures may 
allow process models with smaller adsorbent bed sizes. Also, the conventional PSA processes may 
be optimized by operating at lower temperatures, using improved adsorbents, and with rapid PSA 
cycles. 
However, helium as a rare gas reveals a weak interaction with the solid surface. The small magnitude 
of helium adsorption at ambient temperature and pressure caused it be assumed as a non-adsorbing 
gas in many studies and applications 111. Investigation on the amount of helium uptake would be 
interesting not only theoretically but also due to its implementation as the dilatometric fluid in the 
determination of solid density; which its uptake assumes to be negligible.  
2.5.2 Helium adsorption measurement 
In the determination of gas adsorption isotherms, conventional volumetric and gravimetric analysis 
methods are applied in adsorption apparatus. In these methods, adsorbent density (void volume) is 
assessed by application of the gas laws to the pressure/volume data for a given amount of helium 
enclosed in the apparatus; the helium adsorption will remain undetected during the process. As a 
result, helium adsorption isotherm would be linear, and its uptake cannot be determined by these 
conventional methods. Some researches have been conducted to find out the void volume and 
measure the helium adsorption capacity using volumetric or gravimetric method 112-113.  
Studies on adsorption mechanisms and measurement methods of helium mostly are focused on the 
use of helium in the analysis of Gibbs dividing surface as the primary purpose. Gibbs dividing surface 
is one of the important definitions in adsorption literature since most of the adsorption isotherms are 
measured based on its concepts 114 According to the Gibbs’ theory, during the adsorption process a 
separated phase parallel to the adsorbent surface will be generated that its composition differs from 
that of the bulk phase. This distinct phase is often called the Gibbs surface or Gibbs phase in the 
literature. 
In most of these research cases, helium was considered as a non-adsorbing gas at room temperature 
and at low pressure 115. However some other studies have been conducted to show that helium 
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adsorption may be low at some temperature and pressure conditions but it is not zero 114, 116. They 
believe that the assumption of negligible helium adsorption at ambient temperature and low pressure 
is questionable since the solid atoms attract helium just like other molecules. Therefore, helium may 
have a net increase in density near a solid 113.  
Gumma and Talu (2001) measured helium adsorption in silicalite gravimetrically over a wide range 
of pressure and temperature and used this extensive set of helium/silicalite data to formulate a self-
consistent method for the analysis of helium data 114. They succeeded to fix the location of the 
dividing surface without any uncertainty and calculate the Gibbs surface excess helium adsorption 
without assuming helium as a non-adsorbing gas at any temperature. Helium adsorption was shown 
to be significant even at temperatures as high as 515 K.  
The density profile of a fluid near a solid surface is not uniform and varies with the distance from the 
surface, z as illustrated in Figure 2-13. The density is not necessarily higher than the bulk fluid density 
at all locations. Figure 2-13 depicts layering where the density between layers is lower than fluid 
density. At some distance, L, from the surface, the density reaches the bulk fluid density. The value 
of L increases as the bulk fluid density increases at a constant temperature. It decreases with 
increasing temperature. 
 
  
 
Figure 2-13. Density profile next to the adsorbent surface 114 
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Table 2-4 Helium adsorption measurements reported in the literature. 
Adsorbent 
Gas 
mixture 
Adsorbate Temperature Pressure 
Adsorption / 
recovery 
Application 
Measurement. 
Method 
Ref. 
Calgon BPL AC 
10, 49.7 and 
90% He in 
CH4 
CH4 298 K 138 - 1500 kPa  
Single column 
PSA 
Volumetric 117 
ACs; Barnebey-Cheney 
& Saran A  
- He 4-76 K 0.1 - 3000 kPa 
10-100 (mg He).(g 
charcoal)-1 
Gas adsorption 
isotherms 
Volumetric 118 
ACs; Amoco (2000  
m2.g-1),  
Barnebey Cheney PE 
(1100 m2.g-1) 
- He 2-50 K 1 - 1000 kPa 
0.1-100 (mg He).(g 
charcoal)-1 
Gas adsorption 
isotherms 
Volumetric 119 
209C AC (2000 m2.g-1, 
Langmuir SA) 
98% He and 
N2 
N2 140 K 825 kPa 98-99% PSA pilot plant - 120 
Zeolite NaA - He 
23, 30, 40, and 
50 K 
1 Pa to 65 kPa ~ 6 mg.g-1 
Gas adsorption 
isotherms 
Volumetric 121 
SWNTs He-H2 He & H2 22 K 700 torr 2.8 ×10-7 cc.sec-1 
Dynamic He-H2 
separation 
analysis 
TPD 122 
Silica aerogels - He 4.880 - 5.150 K 232 kPa ρadsorbed ~ 110 kg.m-3 
Gas adsorption 
isotherms 
Automated 
capacitance 
bridge 
123 
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Table 2-4 Continue. 
Adsorbent 
Gas 
mixture 
Adsorbate Temperature Pressure 
Adsorption / 
recovery 
Application 
Measurement. 
Method 
Ref. 
Crystalline A zeolites 
Amorphous 
 
- He 77 K 3000 torr 
1.88 cm3(stp).g-1 
(~85 µmol.g-1) in 4A 
2.28 cm3(stp).g-1 
(~100 µmol.g-1) in 5A. 
Gas adsorption 
isotherms 
TPD-MS 
Volumetric 
124 
Carbon molecular sieves 
fibers (CMSF) 
- He 77 K 3000 torr ~4.2 cm3(stp).g-1 
(193 µmol.g-1) 
Gas adsorption 
isotherms 
TPD-MS 
Volumetric 
124 
Silica aerogels - He 80 and 180 K 100-200 kPa  
Gas adsorption 
isotherms 
Volumetric 112 
Silica gel in stage I 
(C2+), 
AC in stage II (CH4),  
Zeolites in stages III & 
IV (N2) 
0.06% He and 
N2, CO2, CH4 
and C2+ 
N2, CO2, CH4 
and C2+ 
Room T 
1500-
4500 kPa 
He purification to a 
level better than 
99.0 vol% 
PSA pilot plan 
for He recovery 
from NG 
- 109 
LiLSX  
CMS 
He (30 mol%), 
N2 (60 mol%), 
O2 (10 mol%) 
N2 and O2 Room T 3500 kPa 
98.3% pure He with 
65% recovery 
single-column 
PSA 
from 20 K up to 
150 K - micro 
GC 
110 
AC monolith (972-
3283 m2.g-1)  
- He 20 – 150 K 
up to 
3500 kPa 
~220 mg.g-1 
Helium sorption 
compressor 
from 20 K up to 
150 K 
125 
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2.5.3 Effect of temperature on helium adsorption 
Helium adsorption is strongly dependent on temperature especially at cryogenic condition; 
temperature decreases by 10 K (from 40 to 30 K) can increase the helium uptake of zeolite NaA by 
three times 121. 
The measured void volume by conventional volumetric adsorption apparatus was found that would 
be changed by varying the adsorption temperature 116. The determined void space is higher in the case 
of adsorption at low temperature and increased rapidly at cryogenic temperatures of about 77 K. 
However this value became constant at the higher temperatures of about 580 K which were taken as 
the true void space for calculation of helium adsorption at low temperature. Figure 2-14 shows the 
measured apparent void volume as a function of temperature for several typical carbons. 
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Figure 2-14 The apparent void volume as a function of temperature for several typical carbons 116 
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2.6 Conclusion 
In this Chapter, the requirements of adsorption-based processes for the purification and upgrading the 
natural gas (NG) mainly in term of the materials design and synthesis have been considered 
extensively. As long as gas separation processes are based on the differences in the adsorption 
capacity of the gas components, both the adsorption equilibrium and then sorption kinetics are critical 
to the process performance. A promising adsorbent should possess high adsorption capacity and 
selectivity, re-generability and favorable adsorption kinetics. The adsorption capacity and selectivity 
are the main parameters and depend on the equilibrium pressure and temperature, surface area, large 
pore sizes (include meso and macropores) that allow the gas molecules to enter the porous structure 
and the nature of the adsorbent and the adsorbate. 
Application of novel structured adsorbent for gas separation, their benefits over small size adsorbents 
(powders) and their alternate forms such as monoliths, laminates, foams and fabric structures were 
widely studied. Among all different forms of the bulk adsorbents, due to high porosity structure, 
radial mixing, tortuous flow paths and enhanced turbulence in the pores of open cellular foams, the 
cellular foam structures potentially offer significant advantages as catalyst supports or adsorbents in 
adsorption beds. Using adsorbent materials such as carbon to produce foam structures make it 
possible to avoid the adsorption capacity loss as a result of the non-adsorbent materials in the 
adsorption bed. Petroleum tar pitch is one of the most commonly used raw materials in the carbon 
manufacturing industry due to its high carbon content, low price, availability and properties that allow 
a variety of carbon structures to be produced. Typically carbon foams produced at low pressures from 
pre-treated pitch without any additional foam stabilization steps contain large pore volumes after 
carbonization but have low bulk density. One approach to design composite foam materials consisting 
of carbon filler particles, such as coal, graphene or carbon nanotubes, and the foam phase. Filler 
particles may be selected to serve multiple functions in the composite foam as high surface area 
particles can provide additional adsorption sites, modify the density of the produced foam, and act to 
stabilize the pitch in low-pressure foam preparation processes. In Chapter 4, the potential of the pitch 
+ coal derived activated carbon monoliths (ACM) with foam-like features and hierarchical pore 
structure which was prepared at ambient pressure as adsorbents for separation of mixtures containing 
CO2, N2 and CH4 using PSA were evaluated by pure fluid adsorption measurements. 
Renewable biomass materials for carbon foams may offer long-term environmental and economic 
advantages to fossil-fuel sources such as pitch. Also, biomass materials can provide impressive 
natural macroporous structures and chemical compositions that may be utilized to create novel foam 
properties. Similar to petroleum tar pitch, the same mechanism of bubble growth foaming process 
may occur during carbonization if carbon-rich resins such as furfural−aminophenol resin are added 
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to biomass. In this way, biomass can work as a template as well as a source of carbon and volatiles, 
which the last one is necessary for the formation of the bubbles. In Chapter 5 of this study, the self-
templated carbon foam synthesis methods proposed by Lv et al. 126 was extended to investigate the 
effects of carbonization temperature, and post-carbonization CO2 activation on the carbon foam 
structure as well as the influence of the carbon foam’s nitrogen content on the adsorption equilibrium 
capacities of CO2, CH4, and N2. 
By controlling micropore size, it would be possible to improve the gas selectivity by adsorption 
kinetics and size exclusion. Zeolitic imidazolate frameworks (ZIFs) that can act as a molecular sieve 
or as a storage device for some gases have flexible structures allowing molecules larger than their 
pore size to enter the main cavities. This phase change was reported for ZIF-7 in the presence of some 
gas molecules such as CO2, ethane, ethylene, C2 and C3 alkanes which may improve the selectivity 
of similar gas molecules such as CH4 and N2 as well as CO2 selectivity over N2 and CH4. In Chapter 
6, the interaction of CO2, CH4, and N2 with the flexible ZIF-7 and its breathing (gate-opening) 
behavior is examined by measuring adsorption of these gasses at temperatures of 303-323 K and 
pressures up to 5000 kPa.  
Finally, in the last part, adsorption measurement of helium as one of the valuable components of 
natural gas was studied. Besides the conventional cryogenic separation process for helium recovery, 
recently more study on an adsorption based non-cryogenic helium purification system has been 
conducted. To explore the feasibility of size rejection and kinetically helium selective adsorption 
process, there is a need to measure helium adsorption capacity of small pore adsorbents such as 
natural zeolites. This He adsorption measurement is also important for the determination of other 
gases adsorption capacity on these adsorbents due to the dependence of the adsorption measurements 
on the estimation of the specific volume of the adsorbents. Gumma and Talu's method 114 is tested in 
Chapter 7 with a gravimetric adsorption apparatus to measure the true void volumes and helium 
equilibrium adsorption capacities of a clinoptilolite-rich natural zeolite (Escott), synthetic zeolites 3A 
and 4A, and a carbon molecular sieve. 
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This chapter presents a summary of characterization techniques used throughout the thesis and an 
overview of the high-pressure apparatus. More details about material synthesis are provided in Chapter 4, 
5, 6 and 7. 
3.1 Characterization of the prepared adsorbents 
3.1.1 Scanning Electron Microscopy (SEM) 
The morphology of the carbon foams was examined by scanning electron microscopy (SEM) using a 
JSM-6100 (JEOL Ltd., Japan). The carbon foams and ZIF-7 were dried overnight at approximately 
378 K under vacuum before SEM measurements. The same instrument was used for Energy-
Dispersive X-Ray Spectroscopy (EDX) of prepared samples. 
3.1.2 Proximate analysis / thermogravimetric analysis (TGA) 
Proximate analysis by thermogravimetric analysis (TGA, Perkin Elmer STA 6000) according to 
ASTM D 7582-10 was used to determine the volatile matter, ﬁxed carbon and ash content of the 
prepared carbon materials reported in Chapter 4 and Chapter 5. The sample was heated from room 
temperature to 383.15 K under a nitrogen atmosphere until complete dehydration for the 
determination of the moisture content. Then the temperature increased rapidly to 1223.15 K and held 
for 7 min. Volatile matters were determined from weight loss after dehydration. Then the temperature 
was decreased to 923.15 K, and the atmosphere was changed to air. Weight loss during the oxidation 
stage shows carbon content. Ash constituted the remaining mass at the end of the analysis. 
3.1.3 Ultimate analysis 
Bulk concentrations of C, H, and N in carbon foams reported in Chapter 4 and Chapter 5 were 
determined with an Elemental Analyzer (FlashEA1112 series), and the O concentrations were 
assumed to be the residual between 100 % and the sum of C, H and N concentrations. For each 
sample, three CHNS measurements were made, and we report the mean of the three measurements (a 
common standard deviation was 0.7%wt.). 
3.1.4 Powder X-Ray Diffraction (PXRD) 
The PXRD measurements of ZIF-7 presented in Chapter 6 were carried out with a graphite 
monochromator and CuKα radiation from a sealed tube source operating at 40 kV and 40 mA in the 
2θ range of 2 – 90° with a step size of 0.02° per sec using powder x-ray diffraction, Bruker Advance 
D8-III diffractometer.  
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3.1.5 X-Ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) analysis of carbon foams reported in Chapter 5 was carried 
out using Kratos Axis ULTRA X-ray photoelectron spectrometer incorporating a 165 mm 
hemispherical electron energy analyzer and a monochromatic Al Kα (1486.6eV) radiation at 150W 
(15kV, 10 mA) as the excitation source. The quantitative analysis of XPS data was performed with 
CasaXPS software after Shirley background subtraction. 
Survey (wide) scans were taken at an analyzer pass energy of 160 eV and multiplex (narrow) high-
resolution scans at 20 eV. Base pressure in the analysis chamber was 1.0 x 10-9 Torr, and it increased 
to 1.0 x 10-8 Torr during sample analysis. The binding energies were determined using the C1s line 
at 284.6 eV from adventitious carbon as a reference. Recorded spectra were fitted using Gaussian-
Lorentzian curves to determine the binding energies of the different element core levels more 
accurately.  
3.1.6 Tristar II 3020 low-pressure N2 and CO2 sorption analysis 
A TriStar II 3020 (Micromeritics) was used to measure CO2 adsorption isotherms at (273 and 303) K 
and N2 sorption isotherms at 77 K to elucidate the textural properties and adsorption capacity of the 
adsorbents. Samples were degassed at 473 K at a pressure of 10−5 torr for 24 hours before sorption 
measurements. The Brunauer Emmett Teller (BET) method was used to determine specific surface 
areas at relative pressures in the range of P/P0 = (0.05 - 0.30). Total pore volumes were estimated at 
P/P0 = 0.98 and micropore volumes were estimated applying the Dubinin-Astakhov (D-A) equation 
with the 77 K N2 isotherms and 273 K CO2 isotherms. Micropore surface areas were calculated from 
the 273 K CO2 isotherms using the Dubinin-Radushkevich (D-R) equation. The pore size 
distributions (PSD) have been computed from the N2, and CO2 isotherms using a density functional 
theory model (DFT) algorithm for carbon slit pores supplied with the TriStar II 3020. 
3.1.7 Mercury intrusion porosimetry 
A Micromeritics PoreSizer 9320 was used to measure pore size distribution of prepared carbon foams 
(Chapter 4 and 5) by mercury intrusion porosimetry technique at a pressure of (20 – 414000) kPa.  
3.2 Gravimetric Measurement of Adsorption Equilibrium 
Adsorption isotherms of pure gases on the adsorbents reported throughout of this thesis were 
measured at (298 to 343) K and pressures up to 5000 kPa using a BELSORP-BG high-pressure gas 
adsorption instrument (BEL, Japan). A schematic of the BELSORP-BG instrument is shown in Figure 
3-1. Before adsorption measurements, the sample was degassed in-situ at 423 K under an ultimate 
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vacuum of 1×10-5 Torr, or lower, for 12 hours. The sample mass is measured continuously during an 
adsorption experiment using a magnetic floating balance (RUBOTHERM, Germany). 
The sample basket is connected to the permanent magnet, and the volume of the magnetic coupling 
section excluding the sample cell is constant throughout a measurement. The balance records three 
different positions during a single step of an adsorption analysis: (1) a zero point (ZP) is used to 
correct any drift in the balance between data points in an isotherm measurement; (2) measuring point 
1 (mbal) records the location of the balance during the measurement and indicates the total weight 
change; and (3) measuring point 2 is used to determine the fluid density (ρg) after the system reaches 
equilibrium by reference of the final balance position to the position when a titanium sinker (Figure 
3-1) is lifted. The resolution and reproducibility of the gravimetric balance are 10-5 g and ±3×10-5 g 
(STD), and the density resolution and accuracy of the unit are 2×10-6 and ±2×10-5 g/cm3, respectively.  
The absolute mass of adsorbed gas (ma) is determined from the weight recorded at measuring point 1 
(mbal) by a force balance on the system including the mass of the sample basket and balance hook 
(mb), the mass of the solid adsorbent (ms) and a correction for the buoyancy effect of the fluid (i.e. 
Archimedes principle). The force balance is shown in Eq. 3-1: 
  ( ) gbal b s a b s am m m m V V V        Eq. 3-1 
where the term ( ) gb s aV V V    applies the buoyancy correction for the volume of the basket and 
hook (Vb), the volume of the solid adsorbent that is not accessible to the adsorbate (Vs) plus the volume 
of the adsorbed phase (Va). The volume of the adsorbed phase (Va) is negligible compared to b sV V  
and can be ignored from the buoyancy correction term. The empty basket volume Vb is obtained from 
a calibration measurement made with helium across the range of temperatures and pressures of 
interest for the adsorption measurements. The masses of the degassed basket and sample are measured 
under an ultimate vacuum of 1×10-5 Torr, a condition at which the buoyancy effect can be considered 
negligible since ρg is essentially zero.  
The purities of gases used in this work, as stated by the supplier Coregas Australia, were 99.999 % 
for helium and nitrogen, 99.995 % for carbon dioxide and >99.95% for methane. 
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Figure 3-1 Schematic of BELSORP-BG gravimetric adsorption apparatus. Key to symbols: P1-6: 
pressure sensor, C1-2: Automatic control valve. TI1-4: Temperature indicator (controller), V1-21: 
Normal closed type pneumatic actuated valve  
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Abstract 
Activated carbon monoliths with hierarchical pore structures were prepared from petroleum tar pitch 
and powdered coal in a low-pressure foaming process with potassium hydroxide activation. The 
effects of coal to tar pitch ratio and of the amount of potassium hydroxide on the stability of tar pitch 
during the foaming process, the product’s density, and the micropore structure were studied. The 
carbon monolith prepared with adding 50 %wt coal to pitch retained the shape of the cylindrical foam 
mould. This carbon monolith featured an open-cell structure with cell widths of around 2 μm and a 
well-developed microporosity that presented a BET specific surface area of 1044 m2·g-1. The apparent 
density of this structure was 0.42 g·cm-3. The adsorption capacity of the carbon monolith for CO2, N2 
and CH4 were evaluated by the volumetric sorption method at pressures up to 130 kPa and by a 
gravimetric sorption method for pressures up to 4500 kPa. At 298 K and pressures close to 3500 kPa 
the adsorption capacities of the carbon monolith prepared with 50 %wt coal to pitch were 
7.398 mmol.g-1 CO2, 5.049  mmol.g
-1 CH4 and 3.516  mmol.g
-1 N2. The sorption results suggest these 
activated carbon monoliths have potential as monolithic adsorbents for gas separation or storage 
applications.  
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4.1 Introduction 
Carbon foams are sponge-like carbonaceous materials with cellular microstructures and hierarchical 
pore structures that may be attractive for numerous applications including as high-temperature 
insulation, electrodes and catalyst support 1-2. For packed reactors and adsorbent towers, some 
potential advantages of structured foams and honeycomb-type monoliths over random packings (e.g 
extruded pellets, granules, powders) are a lower pressure drop and high bed porosity, which allow 
operation of the bed at high superficial velocities 3-6. Furthermore, an open cellular foam structure 
may allow improved radial mixing of fluids, which leads to improved heat and mass transfer, 
compared to pellets or honeycomb monoliths that typically consist of linear macrochannels. Carbon 
foams also facilitate operation at low contact time (fast periodic processes) as an adsorbent in the gas 
separation or storage applications. However, to realize the potential advantages of carbon foams in 
adsorption and catalyst-support applications there is a need to improve production methods to obtain 
foams with the high specific surface area, controlled microporosity and high adsorbent density 7.  
Carbon foams have been prepared from coal and petroleum tar pitch 8, polymeric precursors 9, sucrose 
1, 10 and biomass materials 11-12. Petroleum tar pitch is one of the most commonly used raw materials 
in the carbon manufacturing industry due to its high carbon content, low price, availability and 
properties that allow a variety of carbon structures to be produced 13. Typically carbon foams 
produced at low pressures from pre-treated pitch without any additional foam stabilization steps 
contain large pore volumes after carbonization but have low bulk density 13-17. To use these foam 
materials in an adsorption process, their concentration of adsorbent sites in the adsorption bed needs 
to be enhanced (if carbon foams are to be competitive with pellets or granular packed beds). One 
approach to improving the adsorption capacity of foams or monoliths is to coat a high surface area 
adsorbent on the foam surface 18. Another approach is to design composite foam materials consisting 
of carbon filler particles, such as coal, graphene or carbon nanotubes, and the foam phase 19-21. Filler 
particles may be selected to serve multiple functions in the composite foam as high surface area 
particles can provide additional adsorption sites, modify the density of the produced foam, and act to 
stabilize the pitch in low-pressure foam preparation processes. In this context, the term stabilization 
of the foam refers to restriction of bubble growth in the pitch during heat treatment to control the 
expansion and prevent overflow from the foaming mould (others have used the term stabilization in 
reference to maximizing bubble size).  
In this study, we prepared activated carbon monoliths (ACM) with foam-like features from petroleum 
tar pitch at ambient pressure and used coal powder to stabilize the liquified pitch, and so prevent 
overflow of the pitch from a foam mould during the high-temperature foaming process. The effect of 
coal to pitch ratio on foam morphology and micropore development was investigated. Activation of 
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the carbon monoliths with KOH was also investigated as a method to increase the surface area of the 
monolith for use in gas adsorption processes. The potential of the pitch + coal derived ACMs with 
hierarchical pore structure as adsorbents for separation of mixtures containing CO2, N2 and CH4 using 
PSA were evaluated by pure fluid adsorption measurements at pressures up to 4500 kPa. The 
separation of CO2 + N2, CO2 +CH4 and CH4 + N2 mixtures represent challenging industrial 
separations in carbon dioxide capture from combustion flue gases and in liquefied natural gas 
production plants. We report here a preliminary screening of the ACMs for gas separation 
applications based on pure fluid adsorption measurements and predictions from Toth and Multi-site 
Langmuir isotherm models. Measurements of equilibrium and kinetics of adsorption from binary gas 
mixtures will form part of a future study. 
4.2 Experimental methodology 
4.2.1 Materials and pre-treatment of tar pitch 
Paving grade Bitumen Class 170 (BP Bitumen Australia), which has a softening point of 320 K 22, 
was first pre-treated to adjust its viscosity and degree of anisotropy, because these properties are 
reported to be critical in the formation of stable foams 15.  The pitch modification was performed in 
two steps: (1) acid initiated polymerisation and de-volitization, followed by (2) thermal treatment. In 
the acid treatment step, 15 M nitric acid was added drop wise to the melted pitch at 393 K using a 
low, stirring speed (150 rpm). The polymerisation and de-volatilization reactions between the nitric 
acid and the hydrocarbon pitch components lead to the evolution of gases, which expand to swell the 
pitch. Simultaneously, the pitch viscosity increases with the increase in the average molecular weight 
of the hydrocarbons in solution and the pitch temperature must be increased to continue stirring the 
fluid. On this basis, we defined the end-point for the acid treatment step to be when the pitch’s 
viscosity increased to such a point that the pitch could no longer be stirred at 433 K. In the thermal 
treatment step, the acid-treated pitch (TP) was heated to 623 K and held at this temperature for 2 
hours. The product obtained after this two-step treatment process was a solid and brittle tar pitch at 
room temperature. This solid was ground and sieved to a particle size less than 250 µm. 
Coal from the Blackwater coal mine (Queensland, Australia) was ground and sieved to a particle size 
less than 250 µm to be used as a foam stabilizer. 
4.2.2 Production of activated carbon monolith 
The acid-treated tar pitch and the coal were mixed at TP:coal weight ratios of 0, 0.5, 0.8 and 1. This 
foaming precursor was further treated by mixing it with 50 mL aqueous solutions of KOH 
(KOH:precursor weight ratios of 0.25, 0.5. 0.75 and 1) at 353 K for 2 hours. The KOH-treated 
TP + coal was dried in air for 12 hrs at 393 K. The dried KOH-treated TP + coal was placed in a 1-
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inch diameter by 1-inch tall quartz cylindrical crucible fitted with a quartz lid (see Figure 4-1); the 
weight of this lid contained the expanding foam but was the crucible was not gas tight. Foaming and 
activation were carried out by heating the sample under a flow of Argon in a horizontal tube furnace 
at 10 K·min-1 to 1073 K. The maximum temperature was held for 1 hour. The product obtained from 
the foaming and activation process was washed with 0.2 M HCl, then rinsed with water and filtered 
several times until the filtrate pH was close to 7. Table 4-1 shows the labels used to describe the 
activated carbon monoliths produced at various TP:coal and KOH:precursor ratios.  
The yield of ACMs was calculated based on the sample weight (TP + coal) before activation, mi; and 
the product weight after the activation process (after washing), mf using the following equation: 
 
(%) 100
f
i
m
Yield
m
   Eq. 4-1 
4.2.3 Characterization of carbon monolith structure 
The morphology of the ACMs was examined by scanning electron microscopy (SEM) using a JSM-
6100 (JEOL Ltd., Japan). The carbon monoliths were dried overnight at approximately 378 K under 
vacuum before SEM measurements. Proximate analysis by thermogravimetric analysis (TGA, Perkin 
Elmer STA 6000) according to ASTM D 7582-10 was used to determine the volatile matter, ﬁxed 
carbon and ash content of the carbon monoliths. 
A Micromeritics TriStar II 3020 analyzer was used to measure CO2 adsorption isotherms at (273 and 
303) K and N2 sorption isotherms at 77 K to elucidate the textural properties and adsorption capacity 
of the ACMs. The ACMs were degassed at 473 K at a pressure of 10−5 torr for 24 hours before 
sorption measurements. The Brunauer Emmett Teller (BET) method was used to determine specific 
surface areas at relative pressures in the range of P/P0 = (0.05 - 0.30). Total pore volumes were 
estimated at P/P0 = 0.98, and micropore volumes were estimated applying the Dubinin-Astakhov (D-
A) equation with the 77 K N2 isotherms and 273 K CO2 isotherms [19-20]. Micropore surface areas 
were calculated from the 273 K CO2 isotherms using the Dubinin-Radushkevich (D-R) equation. The 
pore size distributions (PSD) were calculated from the N2 and CO2 isotherms using a density 
functional theory model (DFT) algorithm for carbon slit pores supplied with the TriStar II 3020. Pore 
widths up to 60 μm were characterized by mercury porosimetry at pressures in the range 
(0 – 413685.44) kPa collected on a Micromeritics PoreSizer 9320.  
The piece or apparent density of the monoliths was measured at room temperature using the sample 
weight and the geometric dimensions of the monolith 23. True densities of ACMs were measured 
using helium pycnometry (Accupyc II 1340 pycnometer). Compressive strengths of the ACMs were 
measured in a uniaxial compression test with an INSTRON 5584 computer-controlled material 
testing system operated at a crosshead speed of 0.5 mm·min-1 1.  
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Table 4-1 Preparation conditions and summary of porous textural properties of activated carbon monoliths. BET specific surface area, total pore volume 
and DR micropore surface determined from N2 sorption at 77 K. Micropore volume and narrow micropore volume determined from CO2 sorption at 
273 K. 
 
Sample 
Coal / 
(coal+pitch), 
(%) 
KOH / 
(coal+pitch), 
(%) 
N2 Adsorption CO2 Adsorption 
BET Surface area  
(m2.g-1) 
Micropore 
Volume (cm3.g-1) 
Pore volume  
(cm3.g-1) 
DR Micropore 
Surface area (m2.g-1) 
Micropore 
Volume (cm3.g-1) 
BW Coal 100 0 4.1 - 0.012 - - 
KOH0.5TP0 100 50 725.1 0.32 0.37 999.4 0.36 
KOH0.5TP50 50 50 1044 0.46 0.5 1320.1 0.54 
KOH0.5TP80 20 50 1265.4 0.52 0.65 1433.9 0.64 
KOH0.5TP100 0 50 1372.2 0.63 0.67 1619.6 0.72 
KOH0.25TP50 50 25 - - - 166.4 0.05 
KOH0.75TP50 50 75 1250.9 0.54 0.61 1284.8 0.54 
KOH1TP50 50 100 1665.7 0.73 0.86 1716.2 0.87 
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4.2.4 Gravimetric Measurement of Adsorption Equilibrium 
Adsorption isotherms of pure fluids CH4, CO2 and N2 on the ACM KOH0.5TP50 were measured at 
(298, 313 and 323) K and pressures up to 4500 kPa using a BELSORP-BG high-pressure gas 
adsorption instrument (BEL, Japan). Before adsorption measurements, the carbon monolith was 
degassed in-situ at 473 K for 24 hours. The BELSOP-BG is equipped with a magnetic floating 
balance (RUBOTHERM, Germany) to measure the weight of the sample continuously through an 
adsorption experiment. The balance is attached to a suspended electromagnet coupled with a 
permanent magnet in the measurement section. The sample basket is connected to the permanent 
magnet and the volume of the magnetic coupling section is constant excluding the sample cell. The 
apparent weight of the sample, ms
*, measured at high pressures was corrected for the buoyancy effect 
of the fluid using Archimedes’ Principle as in Eq. 4-2: 
 *
s s f sm m V   Eq. 4-2 
where ms
 is the true weight of solid adsorbent measured under vacuum (this mass is not influenced 
by buoyancy) and Vs is the volume of solid adsorbent determined by helium pycnometry. The density 
of the fluid ρf is determined at measurement conditions by a force balance on a sinker weight inside 
the instrument. The weight measurement resolution and reproducibility of the mass balance are 10-
5 g and ±3 × 10-5 g (STD), and the density resolution and accuracy of the unit are 2 × 10-6 g·cm-3 and 
±2 × 10-5 g·cm-3, respectively. 
4.3 Results and discussion 
4.3.1 Effect of tar pitch to coal ratio on pore structure 
4.3.1.1 Development of macrostructure in the monoliths 
An objective of the synthesis experiments in this study was to produce ACMs with a mechanically 
stable, open cellular foam structure in the shape of the crucible mould. In experiments with KOH-
treated tar pitch and no added coal particles, a porous carbon foam (KOH0.5TP100) was recovered 
from the tube furnace after carbonisation at 1073 K. However, it was difficult to control the foaming 
process of the TP because in the synthesis of KOH0.5TP100 the pitch overflowed the crucible during 
heat treatment and the carbon foam recovered from the tube did not retain the shape of the crucible 
mould (see Figure 4-1d). The addition of coal particles to the treated pitch was found to be an effective 
method to stabilize the foam composite and a typical monolith produced from a TP + coal synthesis 
experiment is shown in Figure 4-1a-c (KOH0.5TP50).  
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Figure 4-2 shows SEM images of KOH-activated coal particles that were produced to quantify any 
surface area generated by activation of the coal to the total porosity in the ACMs. The coal particles 
have some cracks and surface pits, as seen in Figure 4-2b, and the BET surface area of activated coal 
measured from the N2 sorption analyses was 3.79 m
2.g-1. However, the SEM images show that the 
coal powder alone does not contain any large open, foam-like channels or cells. In contrast, Figure 
4-3a-c and Figure SI 4-1 (Supporting Information) show wide openings on the surface of 
agglomerates from the monolith and the development of a cellular structure in the tar pitch phases of 
KOH0.5TP50. The SEM images of the foamed tar-pitch KOH0.5TP100 (Figure 4-3f as well as Figure 
SI 4-2) also feature large open channels. In Figure 4-3a-b coal particles coated with a foamed pitch 
can be identified. Around these coal particles, two types of macropores are observed: (1) the 
interstitial void spaces between coal particles that have been partially filled by the pitch residue and 
(2) a cellular pattern of open channels with throats diameters less than about 500 nm wide. These 
macroporous features are consistent with the pore size distributions obtained by mercury porosimetry 
(Figure 4-4). Pyrolysis of the pitch and release of volatile components can continue to create new 
pores in foam walls after the foam has solidified 8, 24 and this phenomenon is evidenced by the 
openings in the cell walls observed in Figure 4-3f and Figure SI 4-2. The SEM and mercury 
porosimetry results, together with the physical forms of the ACMs shown in Figure 4-1, in our 
experiments with TP + coal powder are consistent with results reported by others on the effect of 
additives during carbon foam production 25-26. 
 
 
 
Figure 4-1 Photographs of (a) the crucible used to synthesis activated carbon monoliths, (b) and (c) 
monolith KOH0.5TP50 and (d) the KOH0.5TP100 that overflowed the crucible.  
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Figure 4-2 SEM images of KOH-activated Blackwater coal (KOH0.5TP0). 
 
 
Figure 4-3 SEM images of (a-c) KOH0.5TP50 prepared from a mixture of coal and tar pitch and (d-
f) KOH0.5TP100 activated carbon foam prepared from tar pitch with no added coal. 
 
Based on these observations, we propose the mechanism shown in Figure 4-5 to describe the role of 
coal particles in the stabilization of molten pitch during low-pressure foaming. The first significant 
change in properties of the pitch occurs when the pitch begins to melt at temperatures above the 
mixture’s softening point. In both TP and coal + TP experiments, the melting of pitch leads to a 
volume reduction as the voids between pitch particles and pitch-coal particles are filled. As 
temperatures are increased further, the first bubbles of gas form from volatiles coming out of the pitch 
solution and then at higher temperatures gas evolves from polymerization and pyrolysis reactions.  
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Figure 4-4 Macropore size distributions in KOH0.5TP50 and KOH0.5TP100 determined by mercury 
(Hg) porosimetry. 
 
During this stage of foaming, the coal particles may be nucleation sites for bubbles, but the coal 
additives also increase the density and viscosity of the pitch mixture 25-26 which act to restrict bubble 
growth (there may also be some steric effects of bubbles confined between coal particles). Gas 
bubbles in a less viscous mixture that doesn’t contain coal particles are more mobile, thus more likely 
to collide and agglomerate, and bubble growth by thermal expansion of the gas is less restricted by 
viscous forces.  However, there may be other contributing factors beyond the scope of this current 
study that could also affect the expansion and coalescence of bubbles in the pitch foam. For example, 
other factors that could affect the foaming process and should be investigated in more detail include: 
(a) catalysis of the pitch through polymerization reactions at active sites on coal particles, (b) the coal 
particles acting as ligaments – as Inagaki et al. described the phenomena - in the cell walls [25], (c) 
the size distribution of coal particles, and (d the rate of heating the foam. Testing the catalytic 
hypothesis is beyond the scope and data presented in this paper, but in general an enhancement of the 
rate of polymerization should assist in the control of the foaming process. 
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Figure 4-5 Illustration of a low-pressure foaming process by bubble growth in tar pitch with and 
without coal particles as additives. 
4.3.1.2 Bulk properties of the activated carbon monoliths 
Table 4-2 shows the apparent density, true density and mechanical strength of ACMs produced with 
50 and 80 wt.% tar pitch with coal powder. The apparent density and strength of sample 
KOH0.5TP100 could not be measured as this carbon overflowed the crucible and consequently did 
not keep the desired cylindrical form. The apparent density of ACM KOH0.5TP50 was 0.42 g.cm-1, 
and this value is comparable to medium density carbon foams reported in literature 12, 27. Note, the 
KOH activation method used in this study will reduce the apparent density as well as the true density 
of the foam due to the development of microporosity in the carbon structure. The true density of 
KOH0.5TP50 measured by Helium pycnometry was 2.18 g.cm-3 and this value is typical of other 
activated carbons with a similar pore structure that reported in the literature 28. The Higher true density 
of KOH0.5TP80 compared to the true density of KOH0.5TP50 shows that after activation and 
removal of volatiles, tar pitch has higher true (skeletal) density compared to coal. However, the 
apparent density of KOH0.5TP80 is significantly lower than that the density of KOH0.5TP50 and 
this result is attributed to the effect of the coal particles on bubble growth in the sample with a higher 
ratio of coal to tar pitch (i.e. KOH0.5TP50) during foaming. 
The compressive strengths of KOH0.5TP50, KOH0.5TP80 and KOH0.75TP50, are listed in Table 
4-2. The measurements on the INSTRON 5584 confirm that the KOH0.5TP50, which was the most 
robust material when handled, had an adequate mechanical strength (0.964 MPa) for use in a packed 
adsorbent tower. This strength is similar to the strength of other carbon foams reported in the 
literature 20, 26. Carbons prepared with KOH to precursor ratios greater than 0.5 were not as strong, 
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and at a KOH ratio of 1 the carbon crumbled when washed in HCl. The effect of KOH on ACM pore 
structure is discussed further in Section 3.2. 
Table 4-3 summarizes the volatile matter, fixed carbon and ash concentrations of the Blackwater coal, 
the KOH-activated coal and the carbons produced with 50 and 100 wt.% tar pitch. The yields of 
carbon from the precursors have also reported in Table 4-3. The yield of the TP foams is significantly 
lower than that for the KOH-activated coal (67.6%), but this result is expected because the tar pitch 
loses some of the volatile hydrocarbons during the foaming and activation process at high 
temperatures 15.  
 
Table 4-2 Piece density (or apparent density) by geometric dimensions of monolith disc, skeletal 
density (or true density) measured by helium pycnometer, and compressive stress of the activated 
carbon monoliths from tar pitch + coal. 
Sample KOH0.5TP50 KOH0.5TP80 KOH0.75TP50 
Piece density (g.cm-1) 0.42 0.13 0.24 
Skeletal density (g.cm-1) 2.18 2.51 1.86 
Compressive stress (MPa) 0.964 0.017 0.036 
 
Table 4-3 Proximate analysis and production yield of raw coal and activated carbon monoliths 
prepared with 0, 50 and 100 wt.% tar pitch. 
Sample 
Content 
Yield (%) 
Volatile Fixed Carbon Ash 
BW Coal 23.5 70.3 6.2 - 
KOH0.5TP0 9.2 79.5 11.3 67.6 
KOH0.5TP50 16.2 75.7 8.1 59.7 
KOH0.5TP100 26.4 72.5 1.1 48.4 
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Figure 4-6 Nitrogen adsorption isotherms at 77 K on the activated carbon monoliths.  
 
4.3.1.3 Micropore development in activated carbon monoliths 
N2 sorption isotherms for ACMs prepared with a KOH to precursor ratio of 0.5 are shown in Figure 
4-6 and a summary of pore structure properties is provided in Table 4-1. All the KOH0.5- carbons 
exhibit features of Type I isotherms with a large uptake of N2 in micropores (narrower than 2 nm) at 
P/P0 < 0.1 
29 and the microporosity increases with the ratio of TP to coal. In addition to micropores, 
each ACM shows an increase in adsorbed volume at P/P0 > 0.9 and this volume can be attributed to 
condensation of liquid N2 in macropores. The activated coal (KOH0.5TP0) does not show this feature 
of the foam macrostructure.  
The BET surface area of the carbons were in the range (725 – 1372) m2.g-1 with the KOH-activated 
coal having the lowest BET surface area and KOH0.5TP100 the highest surface area. The precursor 
Blackwater coal had a surface area of less than 5 m2.g-1 and the data in Table 4-1 confirms KOH 
activation can develop significant volumes of new porosity in coal. Nonetheless, the ACMs prepared 
with TP had surface areas more than 300 m2.g-1 greater than the KOH-activated coal.  
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Figure 4-7 Micropore size distributions of ACMs calculated from 77 K N2 sorption isotherms using 
the non-local density functional theory algorithm. 
 
 
The micropores in the ACMs are centered around 1 nm according to the DFT pore size distributions 
derived from N2 adsorption analysis at 77 K (Figure 4-7). This pore width is typical of KOH ACs and 
the results indicate that the micropore development is mostly due to the KOH activation process. As 
the sorption of N2 at 77 K in narrow micropores is kinetically limited 
30, we also probed the carbon 
structures with CO2 at 273 K and the CO2 adsorption isotherms on the prepared ACMs are presented 
in Figure 4-8a. Also, narrow micropore volume of the ACMs measured by CO2 is included in Table 
4-1. The CO2 data also indicate that an increase in the tar pitch to coal ratio leads to the development 
of both narrow and wide micropores. Micropore size distributions of ACMs resulted from equilibrium 
isotherms of CO2 sorption at 273 K are included in the Supporting Information (Figure SI 4-3). 
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Figure 4-8 Adsorption equilibrium of CO2 on the produced AC samples measured at (a) 273 K and 
(b) 303 K using the Micromeritics Tristar II. 
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4.3.2 Effect of KOH to tar pitch ratio on activation 
The results in Section 4.3.1 suggest that the development of the macro-cellular structure of the 
monolith can be controlled by the TP:coal ratio, while the development of microporosity is mostly 
dependent on KOH activation. Therefore, we studied the effect of the ratio of KOH to tar pitch on 
ACM structure in more detail. The carbon monolith KOH0.25TP50 had a compact structure and was 
more difficult to break by hand than the KOH0.5 ACMs described in Section 3.1. The micropore 
volume and DR specific surface area of KOH0.25TP50 determined from the 273 K CO2 sorption 
isotherms (Figure 4-8a) were 0.05 cm3.g-1 and 166.4 m2.g-1, respectively. We made several attempts 
to measure N2 sorption isotherms on KOH0.25TP50, but equilibrium was not achieved in a practical 
time, which suggests that KOH0.25TP50 has a low degree of activation, a lack of pore development 
and that the foam cells may be well-connected 31. Otherwise, the micropore volume developed during 
heat treatment increased with the ratio of KOH to carbon precursors – this is the result expected 
according to the literature on carbon activation (for example 32-33). The highest BET specific surface 
area of 1666 m2.g-1 was obtained for KOH1TP50, but we were unable to produce a monolithic carbon 
with this high KOH concentration, and the carbon crumbled when the sample was washed with HCl. 
4.3.3 Adsorption equilibrium capacities of CO2, CH4, and N2 
Figure 4-8b shows the capacities for CO2 in the measurements made with the Tristar II 3200 at 
pressures up to 140 kPa; these CO2 capacities are consistent with other high surface area carbons 
reported in the literature (for example a summary of CO2 capacities is provided in Rufford et al. 
34). 
We acknowledge that other adsorbents including amine-impregnated or treated carbons, and metal-
organic frameworks (MOF) 35 have been reported with larger CO2 capacities. However, the ACMs in 
our study do show higher CO2 capacities than other reported carbon foams 
14, 36. 
Although KOH1TP50 and KOH0.5TP100 had the highest measured capacities for CO2 at 140 kPA, 
these samples did not retain the monolith form during the foam production process and so were not 
considered in the selection of an ACM for the high-pressure adsorption studies. Instead we selected 
KOH0.5TP0.5 as this ACM had a good density and mechanical strength (Table 4-2); in any case at 
273 K and 120 kPa the difference between CO2 sorption capacities of KOH0.5TP50 and KOH1TP50 
was less than 15 %. Low pressure adsorption measurements of CH4 on the ACMs using the TriStar II 
could not be made due to flammable gas safety rules in the lab where the TriStar II is located. 
However, experimental and theoretical studies suggest that the optimum pore size for CH4 adsorption 
is in the range of (0.7 – 1.0) nm 37 and thus we considered that KOH0.5TP50 might also be a potential 
adsorbent for CH4.  
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Absolute adsorption capacities for CH4, CO2, and N2 on carbon monolith KOH0.5TP50 measured 
with the Belsorp apparatus at (298, 313 and 323) K and pressures in the range (25.93 – 4500) kPa are 
reported in Table 4-4. These data are presented graphically in Figure 4-9, Figure 4-10, Figure 4-11; 
the shape of each of these isotherms corresponds to Type I in the IUPAC classification. The measured 
CO2, CH4 and N2 adsorption capacities on KOH0.5TP50 are comparable to carbon adsorbents with 
similar pore structures reported in the literature 10, 38-41. For example, at 298 K and a pressure of about 
100 kPa Narasimman et al. reported approximately 2.5 mol.kg-1 CO2 and approximately 100 kPa 
adsorbed on a carbon foam produced from molten sucrose 10 and we measured 3.202 mol.kg-1 CO2 
adsorbed on KOH0.5TP50. 
Two temperature-dependent equilibrium adsorption models – the Toth model 42 and the Multisite 
Langmuir (MSL) model 43 - were tested to determine their ability to predict the measured adsorption 
capacities of CH4, CO2 and N2 on KOH0.5TP50 across the range of pressure and temperature 
conditions measured in this study. The models were: 
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where R is the molar gas constant, P and T are the measurement pressure and temperature, and ΔHcalc,i¸ 
is the isosteric heat of adsorption at zero loading. In the regression of each model, ΔHcalc,i  was treated 
as an adjustable parameter together with the empirical parameters (
si
calcC

, 0,ib , it  or ia ). The parameters 
it  and ia  are used to characterize the heterogeneity of the adsorption sites in each model, but these 
were treated as adjustable parameters in the regression. The best-fit parameters of each of Eq. 4-3 and 
Eq. 4-4 were determined using a least-squares regression analysis to minimize the standard deviation 
(SD) between the measured capacities, Cμ, and the capacities 
si
calcC

 calculated with each model (
2 1/2((1/ ) ( ) )meas calci iSD N C C     where N is the number of data points regressed).  
The optimized parameters of Eq. 4-3 and Eq. 4-4 resulting from the regression of each of the models 
are listed in Table 4-5. The pure gases adsorption capacities predicted using the best-fit parameters 
are shown as solid lines in Figure 4-9a, Figure 4-10a and Figure 4-11a for CH4, CO2, and N2, 
respectively. The deviation of the Toth and Multisite Langmuir model calculated capacities from the 
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measured data ( )
meas calcC C   are presented in Figure 4-9b, Figure 4-10b and Figure 4-11b for CH4, 
CO2 and N2 respectively. As can be seen in Figure 4-9b, Figure 4-10b and Figure 4-11b, the Toth 
model provides a good fit to the adsorption data for all three components with deviations between the 
measured and the calculated capacities in the range of ± 0.1  mol.kg-1at (298 – 323) K at pressures up 
to about 2000 kPa. At pressure above 2000 kPA the Toth model still gives reasonable predictions of 
CH4 and N2 adsorption capacities, but is less reliable for the CO2 adsorption capacities. The MSL 
model (Eq. 4-4) also provides reasonable predictions of adsorption capacities over the analyzed 
pressure range (dotted lines in Figure 4-9a, Figure 4-10a and Figure 4-11a for CH4, CO2 and N2, 
respectively). However, the deviation between the measured and the capacities with the MSL model 
are larger than with the Toth model.  
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Figure 4-9 (a) Methane adsorption equilibrium of KOH0.5TP50 sample at 298 K, 313 K and 323 K; 
solid lines, Toth model; dotted lines, multisite Langmuir. (b) Deviations between the measured and 
the calculated capacities of Toth model, filled symbols; and multisite Langmuir, empty symbols. 
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Figure 4-10 (a) Carbon dioxide adsorption equilibrium of KOH0.5TP50 sample at 298 K, 313 K and 
323 K; solid lines, Toth model; dotted lines, multisite Langmuir. (b) Deviations between the measured 
and the calculated capacities of Toth model, filled symbols; and multisite Langmuir, empty symbols. 
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Figure 4-11 (a) Nitrogen adsorption equilibrium of KOH0.5TP50 sample at 298 K, 313 K and 323 
K; solid lines, Toth model; dotted lines, multisite Langmuir. (b) Deviations between the measured 
and the calculated capacities of Toth model, filled symbols; and multisite Langmuir, empty symbols. 
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Table 4-4 Methane, carbon dioxide and nitrogen adsorption equilibrium data on KOH0.5TP50 
sample at 298 K, 313 K and 308 K. 
P (kPa) Cµ (mol.kg
-1) P (KPa) Cµ (mol.kg
-1) P (kPa) Cµ (mol.kg
-1) 
CH4 
298 K 313 K 323 K 
28.173 0.621 28.537 0.448 28.986 0.369 
59.445 1.050 60.245 0.793 60.682 0.663 
100.837 1.459 101.174 1.134 101.073 0.959 
200.156 2.123 200.626 1.723 200.676 1.496 
399.463 2.903 399.940 2.448 399.876 2.179 
699.005 3.560 699.521 3.091 699.955 2.806 
999.523 3.962 999.954 3.501 1000.155 3.213 
1497.884 4.376 1498.667 3.937 1498.337 3.653 
1997.240 4.631 1996.701 4.213 1996.562 3.937 
2496.238 4.800 2496.193 4.401 2496.485 4.133 
2995.693 4.917 2998.448 4.537 2995.949 4.273 
3494.691 4.995 3496.098 4.631 3494.038 4.372 
3993.688 5.049 3993.749 4.701 3994.419 4.445 
4000.537 5.051 4495.083 4.750 4000.840 4.447 
  4500.607 4.750   
CO2 
298 K 313 K 323 K 
23.935 1.505 25.320 1.140 25.548 0.918 
56.734 2.447 57.821 1.890 58.261 1.559 
97.483 3.202 98.228 2.529 98.518 2.123 
196.075 4.318 197.014 3.551 197.937 3.060 
396.509 5.423 396.375 4.669 397.216 4.133 
697.344 6.164 697.552 5.508 697.325 4.978 
997.935 6.541 997.692 5.967 997.372 5.459 
1496.516 6.923 1496.886 6.400 1497.065 5.908 
1996.027 7.146 1997.142 6.647 1993.172 6.165 
2495.311 7.278 2494.626 6.801 2493.432 6.318 
2993.683 7.371 2994.396 6.901 2992.321 6.408 
3492.511 7.398 3491.880 6.964 3492.581 6.456 
N2 
298 K 313 K 323 K 
29.795 0.199 29.800 0.117 29.928 0.095 
59.855 0.359 60.102 0.225 59.994 0.184 
99.952 0.539 100.150 0.353 100.068 0.293 
201.495 0.897 201.216 0.634 201.625 0.540 
400.248 1.394 400.676 1.058 401.433 0.919 
700.600 1.906 699.957 1.517 700.809 1.341 
999.673 2.266 1000.215 1.856 999.637 1.660 
1497.620 2.693 1498.284 2.269 1498.334 2.057 
1997.885 2.991 1998.002 2.571 1998.556 2.351 
2495.540 3.212 2496.012 2.801 2495.390 2.576 
2996.410 3.382 2994.935 2.981 2995.441 2.757 
3494.065 3.516 3494.313 3.127 3494.113 2.903 
3993.558 3.621 3993.691 3.245 3993.704 3.024 
4491.672 3.706 4493.525 3.342 4492.836 3.124 
4500.854 3.707 4502.190 3.344 4500.649 3.126 
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Table 4-5 Best fit parameters of the Toth Model (Eq. 4-3) and Multisite Langmuir Model (Eq. 4-4) 
fitted to the absolute adsorption capacities for CH4, CO2 and N2 measured on the Belsorp BG at 298 
K, 313 K and 308 K.  
Toth model parameters 
 CH4 CO2 N2 
Cµs / mol.kg
-1 6.12 8.42 5.3 
b∞i.10
6 / kPa-1 0.43 0.50 0.27 
ΔHcalc,i / kJ.mol-1 23.3 25.2 21.5 
ti 0.66 0.64 0.66 
SD / mol.kg-1 0.04 0.07 0.02 
Multisite Langmuir model parameters 
 CH4 CO2 N2 
Cµs / mol.kg
-1 6 8.4 4.92 
b∞i.10
6 / kPa-1 0.19 0.012 0.14 
ΔHcalc,i / kJ.mol-1 25 34.7 22.2 
ai 1.7 2 1.35 
SD / mol.kg-1 0.09 0.2 0.03 
 
In addition to the absolute capacity of a potential adsorbent, in gas separation processes the selectivity 
for one component from the other species is an important adsorbent performance criteria. The 
equilibrium selectivity calculated from pure gas sorption data can be used as a screening tool to 
evaluate the potential of novel adsorbents such as the carbon foams reported here for application in 
separation processes. To evaluate the potential of the foam KOH0.5TP50 for the separation of three 
gas mixtures CO2 + N2, CO2 + CH4 and CH4 + N2 we calculated ideal selectivities αij at three 
temperatures and pressures up to 4000 kPa using the fitted Toth and Multisite Langmuir equilibrium 
models. The ideal equilibrium selectivity, αij, can be defined as: 
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 Eq. 4-5 
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where y and x are the mole fraction of component i and j in the vapor and adsorbed phases, 
respectively. For example here with equimolar gas mixtures yi = yj = 0.5. The selectivity of CO2/CH4, 
CH4/N2 and CO2/N2 as a function of pressure at different adsorption temperatures (298, 313 and 
323) K are shown in Figure SI 4-4 (Supporting Information). As may be anticipated by the relative 
shapes of the different sorbate isotherms, the trends in selectivity at higher pressures suggest that the 
effectiveness of an adsorbent to capture CO2 does not always increase with increased adsorption 
pressure. The equilibrium selectivity of KOH0.5TP50 for CO2 from N2 is comparable to selectivities 
reported for other activated carbon-based adsorbents reported in other literature including carbon 
beads 44, honeycomb monolith 45 and carbon foams 10, but the KOH0.5TP50 selectivity for CO2 from 
N2 is lower than that of amine-impregnated carbon materials. At pressures close to 100 KPa the 
selectivity of KOH0.5TP0.5 for CO2 from N2 was 5.94 and 298 K and increases to 7.25 at 323 K; and 
at 1000 kPa the selectivities reduced to 2.89 and 3.29 respectively for 298 K and 323 K.  
Due to the adsorption capacity of KOH0.5TP0.5 which was CO2 > CH4 > N2, the calculated αCO2/CH4 
was lower than αCO2/N2. Also, αCO2/CH4 was in the range 2.19 - 2.23 at 100 kPa and 1.65 - 1.70 at 
1000 kPa, that shows it is not as temperature sensitive as αCO2/N2 45-46. The selectivity of 
KOH0.5TP0.5 for CH4 from N2 were from 3.27 at 100 kPa and 323 K to 1.39 at 4000 kPa and 298 K. 
Although, the equilibrium selectivity calculated here from pure gas sorption data can be used as an 
initial screening tool to evaluate the separation potential of novel adsorbents, this method provides an 
initial screening only and a rigorous evaluation of PSA processes should consider sorption kinetics 
as well as equilibrium data. 
4.4 Conclusions 
In this study petroleum tar pitch was used as a precursor to prepare carbon monoliths with hierarchical 
pore structure and good gas adsorption capacities. The addition of coal particles to the treated-TP was 
found to be an effective method to stabilise the foam without a need for high pressure treatment as 
well as to increase the density of adsorption sites in the foam. The carbon foams had an open channel 
structure with high volumes of micro-, meso- and macroporosity, which characterize a suitable 
adsorbent for the gas separation or storage applications. The micropore volume created during the 
KOH activation process increased with the ratio of TP to coal. Increase in KOH to TP+coal ratio up 
to 1:1 also develops microporosity. However, at chemical to carbon precursor ratios greater than 1:1 
we were unable to produce monolithic carbons as the high concentrations of KOH decreased the 
mechanical strength of resultant carbon monoliths. The carbon monoliths revealed high CO2 
adsorption capacities measured at low pressures (up to 140 kPa) that are comparable to adsorbents 
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reported in the literature. High-pressure adsorption of CO2 and CH4 showed that the prepared carbons 
have reasonable adsorption capacity. 
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4.6 Supporting Information 
 
 
Figure SI 4-1 Additional SEM image of KOH0.5TP50 prepared from mixture of coal and tar pitch 
 
 
 
Figure SI 4-2 Additional SEM image of KOH0.5TP100 activated carbon foam prepared from tar 
pitch with no added coal  
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Figure SI 4-3 Micropore size distributions of ACMs calculated from equilibrium isotherms of CO2 
sorption at 273 K 
 
 
Figure SI 4-4 Predicted selectivity of CO2/CH4 (○), CO2/N2 (□) and CH4/N2 (∆) as a function of 
pressure at 298 K (black), 313 K (light grey) and 323 K (dark grey) based on the Toth model 
regression data. 
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Nitrogen-Doped Carbon Foams Synthesized from Banana Peel and Zinc 
Complex Template for Adsorption of CO2, CH4 and N2 
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Abstract 
We report nitrogen-doped, activated carbon foams prepared from banana peels using a self-template 
method with zinc nitrate, 2-aminophenol-and furfural involved. Importantly, we have extended the 
banana peel zinc complex soft-template method to investigate the effects of carbonization 
temperature and post-carbonization CO2 activation on the carbon pore structure, and examined the 
effect of N-content on the carbon foam’s equilibrium adsorption capacity for CO2. The carbon foams 
contain up to 6.0 %wt nitrogen, and feature cellular macroporous structures with BET specific surface 
areas up to 1426 m2.g-1. The potential of the carbon foams for CO2/N2, CO2/CH4 and CH4/N2 
separations was evaluated by measurement of pure fluid adsorption capacities using a gravimetric 
adsorption apparatus and calculation of adsorption selectivies at a range of conditions using Ideal 
Adsorption Solution Theory (IAST). The adsorption capacities at a 4000 kPa and 298 K were CO2 
9.21 mmol.g-1, CH4 5.29 mmol.g
-1 and N2 3.29 mmol.g
-1. 
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5.1 Introduction 
Carbon foams with high void volumes, hierarchical porous structures, low bulk density, and good 
thermal and electrical conductivity have been reported as catalyst supports, energy storage electrodes, 
insulation materials and adsorbents 1-2. Carbon foams can be prepared from coal tar pitch and 
petroleum pitch 3-4, polymeric precursors 5 or renewable biomass-based precursors such as sucrose 6 
and banana peel 7. Renewable biomass materials for carbon foams may offer long-term environmental 
and economic advantages to fossil-fuel sources such as pitch. Also, biomass materials can provide 
interesting natural macroporous structures and chemical compositions that may be utilized to create 
novel foam properties. 
Banana peel (BP) is an agricultural waste available in large volumes as bananas are a very popular 
and nutritionally important fruit for a wide population of the world - the global production of bananas 
is more than 100 million tons annually8. Our collective appetite for bananas generates a large volume 
of waste banana peels as the peel typically represents 30 - 40 % of the banana’s weight9-10 and, 
although most bananas are consumed raw or cooked in domestic contexts there are still large volumes 
of waste BP produced in industrial food processing plants and these peels are typically disposed to 
landfill. Alternatives to the disposal of waste banana peels from food processing plants to landfills 
include utilization of the waste BP in biogas generation 11, extraction of aromatic compounds10 and 
production of activated carbon adsorbents12-13.  
Banana peels contain a diverse mix of biopolymers including pectin, hemicellulose, cellulose, and 
lignin 9, 14. Of particular relevance to our current work on carbon, foams are the gel-forming properties 
of BP-pectins 9 and the polar surface functional groups on various BP compounds, which can act as 
sites for metal ion complexation (often cited for use in heavy metal ion adsorption15-16). Lv et al.7 
utilized both BP’s gel-forming properties and metal-complexation sites to adsorb phenolic resin-
precursors to produce self-templated hierarchical carbon foams for supercapacitor electrodes. In this 
procedure, the introduction of 2-aminophenol to the carbon provides nitrogen-containing functional 
groups on the carbon foam that may present attractive properties for supercapacitor electrodes (as 
evaluated by Lv et al.7) and enhanced CO2 adsorption. In this study, we extend the self-templated 
carbon foam synthesis methods proposed by Lv et al.7, and others 17-18 to investigate the effects of 
carbonization temperature and post-carbonization CO2 activation on the carbon foam structure. We 
also examine the influence of the carbon foam’s nitrogen content on the adsorption equilibrium 
capacities of CO2, CH4 and N2. 
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5.2 Experimental methods 
5.2.1 Materials 
Queensland-grown yellow Cavendish bananas (Musa acuminate) were purchased from a local 
supermarket in Brisbane. After the first author ate the fruit, the banana peels were washed in distilled 
water, dried in air overnight and sliced into small pieces. Reagent grade zinc nitrate hexahydrate 
(Zn(NO3)2.6H2O), furfural (C5H4O2) and 2-aminophenol (C6H7NO) were used without further 
purification. The purities of gases used in this work, as stated by the supplier Coregas Australia, were 
99.999 % for helium, argon, and nitrogen; and 99.995 % for carbon dioxide and methane. 
5.2.2 Preparation of nitrogen-doped carbon foams 
The procedure to prepare carbon foams was based on the self-template method proposed by Lv et al. 
7 using zinc ions coordinated with carboxylic and hydroxyl groups on the BP’s pore surfaces. The 
key process steps in this procedure, as summarized in Figure 5-1, were: (1) The BP particles were 
soaked in 2 mol.L-1 zinc nitrate solution at 343 K in a closed vessel for 7 days to form zinc complexes. 
(2) The reaction vessel was opened and the excess water was evaporated over 14 days at 333 K to 
obtain brown zinc complexes. (3) The zinc complexes were soaked in a mixture of furfural and 2-
aminophenol at 343 K for 7 days. This step produces a slurry of banana peel zinc complexes 
impregnated with a 2-aminophenol-furfural resin, which subsequently provides a N-rich carbon 
source during pyrolysis. We refer to the resin filled intermediate product obtained in this step as the 
banana peel composite or BPC. (4) 7 g of the slurry was pressed by hand into a cylindrical quartz 
crucible (2.54 cm diameter × 2.54 cm height), dried at 393 K overnight and carbonized in a horizontal 
tube furnace at temperatures in the range of 1023 – 1273 K for carbonization times of 1 to 11 hrs. In 
addition, we extended Lv et al.’s procedures 7 to produce a set of CO2 activated carbon foams by 
switching the gas flow from argon to CO2 once the carbonization temperature had been reached. The 
heating rate in all experiments was 10 K.min-1. Carbons produced from the banana peel zinc 
complexes are labeled as chemically-modified banana foams CBF-T-FF-t, where 
T = [1023 - 1273] K, FF is the gas atmosphere and t the duration of the carbonization step. 
We also prepared carbons by direct pyrolysis of the sliced BP in argon at 873 K to produce BP-char 
(heating rate = 10 K min-1; hold time = 1 hr) and by CO2 activation of this char to produce activated 
BP carbons (BPAC). The CO2 activation was performed after the char had cooled in argon, and then 
the gas was switched to 50 mL.min-1 CO2 and the furnace temperature increased again at 10 K.min
-1 
to 1023 K for 1 or 3 hours. These samples were labeled BPAC followed by the activation temperature, 
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gas type, and activation duration. These carbon samples were prepared to show the effect of pyrolysis 
condition and CO2 activation on a banana peel and to compare them with the aforementioned CBFs. 
The yield of each carbon product in the pyrolysis or pyrolysis plus carbonization steps was calculated 
as: 
 
(%) ( ) 100
f
i
W
Yield
W
 
 
Eq. 5-1 
where Wi and Wf are the dry weight (g) of feed for each process (BP, BP char or impregnated BP) and 
dry weight (g) of products (bio-char, BPACs or CBFs), respectively. The uncertainty in the weight 
measurements was less than 1.4 % and the carbon yields obtained across at least three repeat 
experiments varied by less than 2 %wt. 
5.2.3 Characterizations 
The carbons were characterized by scanning electron microscopy (SEM, JEOL JSM-6100), energy-
dispersive x-ray spectroscopy (EDX, also with JEOL JSM-6100), thermogravimetric analysis (TGA, 
Perkin Elmer STA 6000) and X-ray photoelectron spectroscopy (XPS, Kratos Axis ULTRA X-ray 
photoelectron spectrometer using a monochromated Al Kα (1486.6 eV) excitation source). The 
quantitative analysis of XPS data was performed with CasaXPS software after Shirley background 
subtraction. Bulk concentrations of C, H and N were determined with an Elemental Analyzer 
(FlashEA1112 series), and the O concentrations were assumed to be the residual between 100 % and 
the sum of C, H and N concentrations. For each sample three CHNS measurements were made and 
we report the mean of the three measurements (a typical standard deviation was 0.7%wt.).  
Pore textural properties of the carbon foams were characterized by mercury intrusion porosimetry 
(MIP) measured at pressures in the range 20 – 414000 kPa (Micromeritics PoreSizer 9320), and 
sorption analyses with CO2 at 273 K and N2 at 77 K (Micromeritics TriStar II 3020). Samples were 
degassed at 473 K and a pressure of 10−5 torr for 24 hr before CO2 and N2 sorption measurements. 
Specific surface areas (SBET) were calculated by the Brunauer-Emmett-Teller method at the relative 
pressures in the range of P/P0 = 0.05 - 0.30; total pore volumes were estimated at P/P0 = 0.98; and 
volumes of micropores were calculated from both the 77 K N2 and 273 K CO2 isotherms using the 
Dubinin-Astakhov (D-A) equation. 19, 20 The micropore surface area was calculated using Dubinin-
Radushkevich (D-R) equation with the CO2 isotherm measured at 273 K. The pore size distributions 
(PSD) were determined using a density functional theory model (DFT) algorithm for carbon slit pores 
supplied with the Micromeritics instrument. 
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Figure 5-1 Process block flow diagram of (a) zinc complex templated furfural + 2-aminophenol 
procedures to produce activated carbons and (b) pyrolysis to char, and then physical activation with 
CO2. 
 
5.2.4 Gravimetric adsorption equilibria measurement 
Adsorption isotherms of pure fluids CO2, CH4, and N2 were measured at (298, 313 and 323) K and 
pressures up to 4000 kPa using a BELSORP-BG instrument (BEL Japan) equipped with a 
RUBOTHERM magnetic floating balance. Before adsorption measurements the carbon foam was 
degassed in-situ at 473 K for 24 hrs. We have described elsewhere the operation of this apparatus to 
measure adsorption on carbon materials 19, so we only include here in the Supporting Information a 
brief description of the BELSORP-BG measurement procedures. 
5.3 Results and discussions 
5.3.1 Preparation of chemically modified banana peel foam monoliths 
The SEM images in Figure 5-2 show the natural structure raw banana peel features open cell 
structures that are approximately 5 – 20 μm wide and the cell walls are coated in biopolymers. The 
total nitrogen concentration of the raw BP determined by the CHNS Elemental Analyser was 1.9 %wt 
(Table 5-1), which is comparable to the nitrogen concentrations in banana peels reported in other 
studies14. Proximate analysis of the raw BP by thermal gravimetric analysis obtained 67.7 %wt 
volatiles, 24.2 %wt fixed carbon and 8.2 %wt ash. The dried (samples were dried at 473 K under 
nitrogen) raw BP’s residual mass after the TGA measurement shown in Figure 5-3 is consistent with 
the yield of 38.8 %wt BP-char produced by pyrolysis of raw BP in the tube furnace (Table 5-1). 
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Figure 5-2 SEM images of dry peel from Cavendish bananas (BP). 
The TGA weight loss curve in Figure 5-3 of the banana peel treated with zinc nitrate and impregnated 
with the furfural + 2-aminophenol resin (dry basis) shows that the BPC composite has a greater 
thermal stability than the raw BP at temperatures in the range 500 - 773 K; this BPC weight loss curve 
is consistent with the decomposition of aminophenol-furfural resins reported in the literature. For 
example, Patel et al.20 report aminophenol-furfural resins will soften at temperatures above 473 K 
and then harden at temperatures from 703 - 843 K due to de-volatilization of the resin and BP 
polymers. The BPC weight loss observed in Figure 5-3 at temperature above 1100 K includes the 
evaporation of zinc via reduction of ZnO (derived from the zinc nitrate) to metallic zinc 21-22, and the 
EDX spectra for BPC, CBF-1023-Ar-3h and CBF-1273-Ar-3h confirms the loss of zinc from the 
composite after pyrolysis at 1273 K. Table 5-1 shows the yields of CBFs produced in argon ranged 
from 65.7 %wt to 23.6 %wt; the yield decreased at higher temperatures and longer carbonization 
time.  
An aim of this study was to produce monolithic carbon foams with a mechanically stable, open 
cellular structure and the chemically-modified banana foam synthesis method successfully produced 
monoliths of CBF, as summarised in Table 5-1. All the CBF products were stable solid discs that 
retained the cylindrical shape of the crucible and the inset photograph for CBFs in Figure 5-1 shows 
a typical example of a CBF disc. In contrast, BPAC-1023-CO2-1h produced by the more conventional 
carbonization and CO2 activation process was a loose agglomeration of granules that was easily 
crumbled by hand. 
The SEM images of CBF-1273-Ar-3h in Figure 5-4a-c show a highly porous foam-like open cell 
structure with typical carbon foam features of ligaments and walls 23-24. The texture of the CBF sample 
is different to the texture of the BPAC-1023-CO2-1h produced by CO2 activation of BP (Figure 5-4g-
i). Mercury intrusion porosimetry (Figure 5-5) shows a broad distribution of macroporous channels 
in CBF-1273-Ar-3h, the largest channels are approximately 80 μm wide. These results demonstrate 
that direct CO2 activation of BP does not produce the carbon foam structure, so we may infer that the 
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porous structure developed in the CBFs results partly from the devolatilisation and polymerisation of 
furfural-aminophenol resin. The true density of CBF-1273-Ar-3h and BPAC-1273-CO2-1h, 
determined by helium pycnometer, was 2.606 and 2.098 cm3/g, respectively. The higher density of 
CBF-1273-Ar-3h is in accordance with its more intense carbon structure in comparison with BPAC-
1273-CO2-1h, presented in Figure 5-4a-f. 
The furfural-aminophenol resin carbonization may be considered a bubble growth foaming process, 
which in our study is the template by the BP structure. Beecham et al. 25 described three key stages 
in a bubble growth foaming process: firstly, the resin melts around 473 K; secondly as the temperature 
increases light hydrocarbons such as unreacted furfural evolve from the resin; and thirdly the 
polymerisation of the resin leads to evolution of gaseous reaction products and an increase in the 
viscosity of the resin. After these three stages and at temperatures between 703 - 843 K the molten 
resin has reacted to such a degree that the resin solidifies. The TGA curves are shown in Figure 5-3 
support this mechanism. Additionally, in the presence of the BP-zinc nitrate complex, the 
biopolymers of the BP which are mostly released from raw BP at temperatures below 673 K (Figure 
5-3) may provide additional gas for bubble formation and growth in the resin phase.  
 
 
Figure 5-3 Thermal gravimetric analysis of dried banana peel (BP) and banana peel-zinc composite 
impregnated with furfural and 2-aminophenol (BPC) in 20 mL/min N2, heating rate 10 K/min. Weight 
% is on a dry basis after removal of adsorbed moisture and any other light gases at temperature below 
to 473 K. 
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Figure 5-4 SEM images of soft templated carbon foams (a-c) BPC- 1273-Ar-3h, prepared at 1273 K 
under argon for 3 hours and (d-f) BPC- 1273-CO2-1h, prepared at 1273 K under CO2 for 1 h, and (g-
i) example of a CO2 activated banana peel carbon ACBP-1023-CO2-1h. 
 
 
Table 5-1 summarizes the elemental concentrations of nitrogen in the carbons. The bulk nitrogen 
concentration of CBF-1023-Ar-3h was 6.0 %wt, which is 2.6 times the nitrogen content of the 
activated carbon BPAC-1023-CO2-1h, and the primary source of additional nitrogen in the 
chemically-modified CBFs is the 2-aminophenol (C6H7NO contains 12.83 %wt N). The intermediate 
BPC contained 8.0 %wt N and XPS characterisation, as shown in Figure 5-6a and Table 5-2, confirms 
the BPC surface features amine groups (N-1 at binding energy (BE) of 399.4 ± 0.1 eV)26-28 and 
amides (N-2 at BE = 400.5 ± 0.1 eV) from the 2-aminophenol-furfural resin20. The N-3 group 
detected around BE = 407.3 ± 0.1 eV in the XPS of BPC may be attributed to unreacted nitrate salts 
from the zinc nitrate reagent. 26-29 
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Figure 5-5 Differential pore volumes versus pore diameter obtained from mercury intrusion 
porosimetry for BPC-1273-Ar-3h and BPC-1273-CO2-1h. 
 
Carbonization at a higher temperature (1273 K) and longer duration (8 h and 11 h) decomposed some 
N-functional groups on the carbon surface to reduce total N concentrations in the CBFs to 
4.6 - 3.9 %wt. The XPS data for CBF-1273-Ar-3h in Figure 5-6b and Table 5-2 also show that after 
carbonization at 1273 K the nitrogen from 2-aminophenol is converted to pyridinic-N (N-4, 
BE = 398.2 ± 0.1 eV), pyrrolic/pyridone-N (N-5, BE = 399.8 ± 0.1 eV), and quaternary-N (N-6, BE= 
401.1 ± 0.1 eV) structures.30-31 These results are consistent with other reports on the carbonization of 
N-rich precursors to introduce nitrogen to carbon frameworks.32-34 For example, at a temperature 
above 873 K pyridinic and pyrrolic structures are produced by the decomposition of amide groups 35 
and the reaction of NO3 with carbon; and Chambrion et al.
30 proposed C-NO reactions that lead to 
quaternary-N. 
5.3.2 Development of microporosity in the carbon foams 
N2 sorption isotherms were measured at 77 K on the BPAC-1023-CO2-1h and CBFs and are shown 
in Figure 5-7a. A summary of pore structure properties is provided in Table 5-3. The BP-char was 
not expected to have a well-developed pore structure at the char preparation conditions36 and so we 
were not able to measure a useful N2 sorption isotherm at 77 K on BP-char. The N2 isotherm of the 
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CO2 activated carbon BPAC-1023-CO2-1h presents a composite of Types I and II isotherms 
according to the 2015 IUPAC classifications, 37 with a type H4 hysteresis loop at relative pressures 
around P/P0 = 0.8 which is representative of sorption behavior in a carbon featuring both micropores 
and mesopores. The pores size distribution in Figure 5-7b shows BPAC-1023-CO2-1h has a bimodal 
distribution of micropores around 13 Å and small mesopores around 20 – 25 Å.  
The N2 isotherms of the CBFs prepared under argon also feature hysteresis loops that suggest the 
presence of mesopores together with a degree of microporosity. As indicated by the uptake of N2 at 
77 K (Figure 5-7a) and the calculated D-R micropore N2 accessible surface areas, the microporosity 
of CBFs prepared under argon treatment for 3 hr increased almost two-fold at 1273 K compared to 
the CBF produced at 1023 K, and prolonged carbonization times produced a further increase in 
micropore surface area of about 15 % (D-R micropore surface area). The trends in micropore areas 
and volumes determined from CO2 isotherms measured at 273 K (Figure 5-8a), and pore texture 
parameters in Table 5-3 derived from CO2 isotherms, are consistent with the N2 sorption results. The 
evaporation of ZnO particles from the carbon structure is likely to be one reason for the greater 
volume of micropores produced at a carbonization temperature of 1273 K.  
The CBF with the highest surface area prepared under argon without CO2 activation was CBF-1273-
Ar-11h with a BET surface area of 190.4 m2.g-1 and CO2 D-R micropore surface area of 628.5 m
2.g- 1. 
However, the yield of this CBF was significantly lower than the yield of CBF-1273-Ar-3h. The BET 
surface area of CBF-1273-Ar-11h is similar to that of activated carbon BPAC-1023-CO2-1 
(204.3 m2.g-1), but the CBFs have both larger N2-accesible pore volumes and narrow micropore 
volumes as measured by CO2 sorption (Table 5-3). Notably, the CBFs produced in this study have 
lower surface areas and pore volumes than the foams reported by Lv et al. 7. A possible explanation 
for the difference in the results could be that the ratio of furfural-aminophenol resin to BP used in the 
resin impregnation stage of our experiments was different to the ratio used by Lv et al.. This 
experimental detail was not reported in the previous studies. To summarize, the results of our 
experiments with CBFs prepared in argon suggest (1) that the optimum carbonization temperature to 
maximize surface area under argon is 1273 K, and (2) carbonization at 1273 K for more than 3 h 
enhances micropore development but this additional porosity is obtained with a reduced product 
yield. 
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Table 5-1 Carbon product yield, proximate analysis by ASTM D 7582-10 using TGA and elemental composition measured by CHNS/O analyzer. 
Sample Description of carbon form Yield (%) 
ASTM D 7582-10 Elemental Composition (%) 
Fixed 
carbon 
(%wt) 
Volatiles 
(%wt.) 
Ash 
(%wt) 
N C H 
BP-Raw - - 24.2 67.7 8.2 1.9 42.0 5.6 
BP-char Agglomerated carbon particles  38.8 65.8 21.6 12.7 2.1 48.8 1.1 
BPC - - 40.8 45.9 13.3 8.0 32.4 3.6 
CBF-1023-Ar-3h Monolith carbon 65.7 66.1 22.3 11.6 6.0 47.5 0.7 
CBF-1273-Ar-3h Monolith carbon 30.1 84.7 10.7 4.6 4.6 70.0 1.3 
CBF-1273-Ar-8h Monolith carbon 26.4 82.3 12.2 5.4 4.5 70.4 1.2 
CBF-1273-Ar-11h Monolith carbon 23.6 85.6 10.5 3.9 3.9 70.4 1.0 
CBF-1023-CO2-3h Monolith carbon 45.2 55.8 32.3 11.9 3.9 27.4 1.1 
CBF-1123-CO2-3h Monolith carbon 24.6 44.4 31.9 23.7 4.0 30.2 1.4 
CBF-1273-CO2-1h Monolith carbon 14.2 76.3 16.2 7.5 4.2 43.5 2.2 
BPAC-1023-CO2-1h Agglomerated carbon particles 67.9 60.1 28.6 11.3 2.3 33.8 1.5 
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Table 5-2 Surface nitrogen concentrations and functional groups on the intermediate banana peel + furfural + 2-aminophenol composite (BPC) and 
chemically modified banana peel carbon foam (CBFs) surfaces determined using XPS; N-1: primary amine groups, N-2: amide groups, N-3: nitrates, N-
4: pyridine, N-5: pyrrole or other forms of pyridine like nitrogens, N-6: quaternary nitrogen. 
 
Sample 
Overall N 
content (%) 
Overall O 
content (%) 
N–1 (%) N–2 (%) N–3 (%) N–4 (%) N–5 (%) N–6 (%) 
399.4 ± 0.1 eV 400.5 ± 0.1 eV 407.3 ± 0.1 eV 398.2 ± 0.1 eV 399.8 ± 0.1 eV 401.1 ± 0.1 eV 
Schematic 
 
N
H
OC
 
O
N
-O O-  
N
 
N
H
O
N
OH
 
N
 
BPC 20.6 6.9 36.9 21.6 41.5 - - - 
CBF-1273-Ar-3h 7.5 4.6 - - - 37.8 17.9 44.3 
CBF-1273-CO2-1h 10 4.9 - - - 38.7 37.2 24.1 
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Figure 5-6 XPS survey and high-resolution N 1s peak for (a,b) banana peel composite with 
furfural + 2-aminophenol resin (BPC), (c,d) CBF-1273-Ar-3h and (e,f) CBF-1273-CO2-1h. 
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Figure 5-7 (a) N2 adsorption-desorption isotherm measured at 77 K on CO2 activated banana peel 
carbon BPAC-1023-CO2-1 and the zinc-complex furfural + 2-aminophenol derived banana peel 
carbons (CBFs). (b) Pore size distribution determined from isotherms measured at 77 K with N2. 
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Figure 5-8 (a) CO2 adsorption capacities at 273 K and pressures up to 130 kPa measured with the 
Micromeritics Tristar II on chemically modified banana peel foams (CBFs) and BPAC-1023-CO2-1 
from direct CO2 activation of banana peel. (b) Pore size distribution determined from isotherms 
measured at 273 K with CO2. 
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Figure 5-9 CO2 adsorption capacities at 303 K for chemically-modified banana foams and activated 
carbons measured at pressures up to 130 kPa on the Micromeritics Tristar II. 
The effect of the CO2 activation step on micropore development in CBFs is highlighted by the N2 and 
CO2 sorption isotherms for CBF-1023-CO2-3h shown in Figure 5-7a and Figure 5-8a. Even at a 
carbonization temperature of 1023 K, the CO2 activated CBF has a BET area of more than 350 m
2.g- 1 
and CBF-1023-CO2-3h has twice the total pore volume of the CBF-1023-Ar-3h (Table 5-3, from the 
N2 77 K isotherm). The CO2 activation process acts to widen a broad range of pore sizes - as 
evidenced by the increase in macropore volume measured by MIP (Figure 5-5) and the increase in 
pore volume for widths from 10 -40 Å determined from the N2 sorption (Figure 5-7b). Under CO2 
activation conditions, like in the case of argon-carbonized CBFs, the surface area and micropore 
volumes increase with the carbonization temperature to a maximum BET area of 1426.1 m2.g-1 for 
CBF-1273-CO2-1h. The yield of CBF-1273-CO2-1h was 14.2 %wt so by this method there is a high 
yield penalty to produce the highest surface area CBF. We attempted to produce a CO2 activated CBF 
at 1273 K treated in CO2 for 3 h (i.e. CBF-1273-CO2-3h) but this activation condition consumed 
almost all the carbon and there was insufficient product recovered from the furnace to be 
characterized. 
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Table 5-3 Surface textural properties of zinc complex templated carbon foams from the banana peel (CBFs) and a CO2 activated banana peel carbon 
(BPAC-1023-CO2-1h) determined from sorption isotherms of N2 at 77 K and CO2 at 273 K. 
 
 
 
Sample 
N
2
  CO
2
 
D-A Micropore 
Surface area 
(m2.g-1) 
Micropore 
Volume  
(cm3.g-1) 
BET surface 
area 
(m2.g-1) 
Pore volume 
(cm3.g-1) 
 D-R Micropore 
Surface area 
(m2.g-1) 
Micropore Volume 
( cm3.g-1) 
CBF-1023-Ar-3h 102.7 0.04 91.5 0.093  337 0.14 
CBF-1273-Ar-3h 198.3 0.07 169 0.18  620.9 0.29 
CBF-1273-Ar-8h 225.7 0.08 183.6 0.19  675.5 0.31 
CBF-1273-Ar-11h 228.7 0.08 190.4 0.17  628.5 0.3 
CBF-1023-CO2-3h 446.7 0.16 352.2 0.22  369.3 0.23 
CBF-1123-CO2-3h 644.7 0.26 533.6 0.31  365.3 0.35 
CBF-1273-CO2-1h 1611 0.56 1426.1 0.83  881.93 1.09 
BPAC-1023-CO2-1h 234.1 0.11 204.3 0.11  299.9 0.27 
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5.3.3 Adsorption equilibria of pure gases 
The CO2 adsorption capacities of the CBFs and BPAC measured on the Tristar II at 273 K and 303 K 
and pressures up to 130 kPa are shown in Figure 5-8a and Figure 5-9. As might be expected, the 
carbon with the highest capacity for CO2 at these conditions was the CBF with the highest surface 
area and micropore volume - that is CBF-1273-CO2-1h (5.75 mmol.g
-1). The CBFs exhibit a higher 
capacity for CO2 than some other reported carbon foams with similar micropore surface areas. For 
example, at 273 K, Tsyntsarki et al.38 reported 3.35 mmol.g-1 CO2 on a pitch-derived and steam 
activated foam with BET of 933 m2.g-1 and Liu et al.17 reported 2.35 mmol.g-1 CO2 on nitrogen-doped 
porous carbons with a surface area of a 1148 m2.g-1. This second example was prepared from banana 
peels using an aluminum nitrate synthesis procedure similar to the zinc nitrate method we used. Table 
5-4 presents additional examples of CO2, CH4 and N2 adsorption capacities at conditions close to 
ambient temperatures on carbon monoliths, a commercial activated carbon, zeolite 13X and metal 
organic frameworks that can be used to place the adsorption capacity of CBF-1273-CO2-1h in context 
with other reported materials. The CBF adsorption capacity is similar to many other carbon materials, 
but we note that the CO2 uptakes are not as high as some metal organic frameworks (MOFs) reported 
in the literature39. 
The effect of the CBFs’ nitrogen functional groups on CO2 adsorption capacities were normalised for 
micropore surface area as shown in Figure 5-10a and on this basis CBP-1023-Ar-3h has the highest 
CO2 adsorption capacity per m
2 of micropore surface area. The value of CO2 uptake divided by 
micropore surface area of the CBFs (Figure 5-10a) is higher than almost all the biomass-based 
activated carbons and nitrogen-modified activated carbons reported on the recent review by Rashidi 
and Yusup 40. Figure 5-10b shows an alternate analysis in which we normalized CO2 adsorption 
capacities for bulk nitrogen concentrations and plotted this capacity against the micropore surface 
area. CO2 adsorption analysis of the CBFs at 303 K (Figure 5-9) showed BPAC-1023-CO2-1h with 
the lowest micropore surface area and nitrogen contents obtained the lowest and CBF-1273-CO2-1h 
with the highest measured micropore surface area and 4.2% nitrogen content the highest CO2 capture. 
These low-pressure CO2 adsorption results are consistent with other studies that conclude both 
nitrogen functional groups and microporosity are important parameters in CO2 adsorption 
performance of activated carbons 41-42. However, it needs to be acknowledged that not all the nitrogen 
content has a similar impact on the CO2 uptake and only specific N functionalities might increase the 
affinity towards CO2. 
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Figure 5-10 Relationship between the CO2 uptake capacity and (a) nitrogen content and (b) 
micropore surface area. 
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Table 5-4 Equilibrium capacity of adsorbents in literature and ACD for CO2, CH4 and N2 at 100 kPa and 1000 kPa at measurement pressure close to 
298 K. 
Adsorbent CO2 capacity (mmol.g-1) CH4 capacity (mmol.g-1) N2 capacity (mmol.g-1) 
 100 kPa 1000 kPa 100 kPa 1000 kPa 100 kPa 1000 kPa 
Banana peel derived carbon  
CBF-1273-CO2-1h (this work) 
2.70 6.83 1.00 3.51 0.35 1.79 
Monolith from tar pitch and coal powder. 
KOH activated.19 
3.2 6.54 1.46 3.96 0.54 2.27 
Activated carbon honeycomb monolith 43 3.0 - 1.4 - 0.5 - 
Norit RB1 extra activated carbon 44 2.20 7.60 1.22 2.89 0.39 2.02 
Zeolite13X 45 3.3 6.40 0.59 2.90 0.28 1.83 
Metal organic framework MOF-177 46 1.59 - 0.63 - 0.17 - 
Metal organic framework Mg-MOF-7447 8.5 - 1.0 - - - 
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Based on the CO2 equilibrium capacities measured at low pressure we selected CBF-1273-CO2-1h 
for further measurements in the high-pressure gravimetric adsorption apparatus at temperatures of 
(298,313 and 323) K. The absolute adsorption capacities of CO2, CH4 and N2 on CBF-1273-CO2-1h 
are shown in Figure 5-11 to Figure 5-13. The high-pressure adsorption equilibria data is also included 
in Table SI 5-1 of the Supporting Information. We also measured at 298 K the absolute adsorption 
capacities CO2, CH4 and N2 on CBF-1273-Ar-3h (Figure 5-14 and Table SI 5-2). Compared to the 
CO2, CH4 and N2 adsorption capacities of other carbon adsorbents reported in the literature, CBF-
1273-Ar-3h has a reasonable capacity for these gases 44, 48-49. As expected, the adsorption capacities 
on the carbon foam prepared under argon were lower than the capacities on CO2 activated CBF-1273-
CO2-1h. The adsorption capacities for CO2, CH4 and N2 on CBF-1273-CO2-1h measured at 298 K 
and 4000 KPa were about 63 %, 76 % and 34% higher, respectively, than the capacities on CBF-
1273-Ar-3h. This comparative result highlights that the CO2 activation of the foam has improved the 
selectivity of the CBF for CO2 and CH4 over N2. 
The adsorption uptake of CO2 on CBF-1273-CO2-1h at 298 K and 4000 kPa is 9.21 mmol.g
-1, which 
is higher than most of the activated carbon monoliths and other carbon foams reported 24. For 
example, Narasimman et al. 50 reported a CO2 capacity of 2.5 mmol.g
-1 at 298 K and 2000  kPa on 
carbon foams prepared from molten sucrose using an aluminium nitrate blowing agent; Dassanayake 
et al.51 reported a CO2 capacity of 3.7 mmol g
-1 at 298 K and 1200 kPa on cellulose-based aerogel; 
and Ribeiro et al.52 measured CO2, CH4 and N2 adsorption capacity of 4.7, 2.9 and 1.5 mmol.g
-1, 
respectively, on activated carbon honeycomb monolith at 299  and pressure of about 600 kPa. The 
CO2 uptake on CBF-1273-CO2-1h is also higher than the capacity of activated carbon monolith 
derived from tar pitch and coal produced in our laboratory recently (7.4 mmol CO2.g
-1 at 298 K and 
3500 kPa) 19.  
A temperature-dependent, semi-empirical Toth isotherm model was tested to determine the ability of 
CBF-1273-CO2-1h to predict adsorption capacities of CO2, CH4 and N2 across the range of pressure 
and temperature conditions measured in this study. We used the fitted Toth isotherm models and an 
Ideal Adsorption Solution Theory (IAST) model to predict equilibrium selectivity (αij) for separating 
CO2 + CH4, CO2 + N2 and CH4 + N2 gas mixtures. The Toth isotherm model and the equilibrium 
selectivity equation are described by Eq. 4-3 and Eq. 5-353. 
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Figure 5-11 Measured and modeled CO2 adsorption capacities for soft templated carbon foam CBF-
1273-CO2-1h at temperatures of 298 K, 313 K and 323 K. (a) Absolute adsorption capacities. The 
lines represent the predictions of the Toth model (Eq. 4-3). (b) Deviations between the measured and 
the calculated adsorption capacities. 
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Figure 5-12 Measured and modeled CH4 adsorption capacities for soft templated carbon foam CBF-
1273-CO2-1h at temperatures of 298 K, 313 K and 323 K. (a) Absolute adsorption capacities. The 
lines represent the predictions of the Toth model (Eq. 4-3). (b) Deviations between the measured and 
the calculated adsorption capacities. 
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Figure 5-13 Measured and modeled N2 adsorption capacities for soft templated carbon foam CBF-
1273-CO2-1h at temperatures of 298 K, 313 K and 323 K. (a) Absolute adsorption capacities. The 
lines represent the predictions of the Toth model (Eq. 4-3). (b) Deviations between the measured and 
the calculated adsorption capacities. 
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where R is the molar gas constant, P and T are the measurement pressure and temperature. In the 
regression of this model, ΔHToth,i was treated as an adjustable parameter together with the empirical 
parameters (
si
calcQ

, or ). The parameters  is used to characterize the heterogeneity of the 
adsorption sites in the model, but it was treated as an adjustable parameter in the regression. The best-
fit parameters of Eq. 4-3 were determined using a least-squares regression analysis to minimize the 
standard deviation (SD) between the measured capacities, Q

, and the capacities 
si
calcQ

 calculated with 
the model (
2 1/2((1/ ) ( ) )meas calci iSD N Q Q     where N is the number of data points regressed). 
 
Table 5-5 Fitting parameters of the Toth Model for CO2, CH4 and N2 on CBF-1273-CO2-1h 
Gas 
Toth model 
Qmax,i  
(mmol.g-1) 
b0,i.106  (MPa) 
-ΔHToth,i     
(J·mmol-1) 
ti SD (mmol.g-1) 
CO2 15.77 0.625 24.0 0.4 0.083 
CH4 8.19 0.655 20.4 0.56 0.035 
N2 5.75 1.25 15.7 0.71 0.009 
 
0,ib it it
127 
 
 
Figure 5-14 CO2, CH4 and N2 absolute adsorption capacities at 298 K on CBF-1273-Ar-3h measured 
on the Belsorb-BG. 
 
Table 5-5 lists the optimized parameters of Eq. 4-3 and the standard deviations (SD) resulting from 
the regression of the Toth model to the CBF-1273-CO2-1h high-pressure adsorption data. Deviations 
( )meas calcQ Q   between the measured and the calculated capacities of Toth model that are shown in 
Figure 5-11b, Figure 5-12b and Figure 5-13b are in the range of ± 0.1 at most of the pressure points. 
This isotherm model has a SD of 0.083 mmol.g-1 for CO2, 0.035 mmol.g
-1 for CH4 and 
0.009 mmol.g - 1 for N2. 
The adsorption equilibrium selectivity for separating CO2 + CH4, CO2 + N2 and CH4 + N2 gas 
mixture pairs on the CBF-1273-CO2-1h were evaluated using the IAST
54 implemented for the Toth 
isotherm parameters using the algorithm of Valenzuela and Myers55 without adjustment of the pure 
fluid isotherm parameters. Figure 5-15 shows the predicted selectivity in equimolar binary gas 
mixtures at pressures up to 3000 kPa. The selectivities predicted with IAST at 298 K and 100 kPa for 
the three gas mixtures at different compositions are included in Figure SI 5-3(a-c) of the Supporting 
Information. In equimolar gas mixtures at 298 K, the predicted selectivity of CBF-1273-CO2-1h is 
up to 16 at low pressures for CO2 from N2 and approximately four for both CO2 from CH4 and CH4 
from N2. The CO2 selectivity of this CBF is about 1.5 times higher than the selectivity of our 
previously reported coal + pitch-based activated carbon monolith19 and higher than some other 
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reported structured carbons6, 50, 52, biomass-based activated carbons40 and commercial activated 
carbons41, 49. The CO2 selectivity of CBF-1273-CO2-1h is not as great as metal organic frameworks 
(MOFs)56 and modified carbons17. Nonetheless, these results show that the nitrogen-doped banana-
peel carbon foam CBF-1273-CO2-1h has some potential for CO2 capture and other adsorption 
applications. 
 
Figure 5-15 Selectivity of CBF-1273-CO2-1h predicted by IAST from equimolar mixtures of 
CO2 + N2, CO2 + CH4 and CH4 + N2 as a function of pressure at 298 K. 
5.4 Conclusions 
Monolithic carbon foams with an open cellular structure were successfully produced from banana 
peel using a soft-template method with zinc nitrate, furfural and 2-aminophenol. CO2 activation of 
the chemically-modified banana peel foams developed large micropore volumes and high surface 
areas in the carbon foams. After carbonization of the precursors at 1273 K the nitrogen from 2-
aminophenol and any naturally occurring N in the banana peel was converted to pyridinic-N, 
pyrrolic/pyridone-N, and quaternary-N structures, and the presence of this N in the carbon foams was 
found to enhance CO2 adsorption capacity on the carbons. The carbon foam CBF-1273-CO2-1h 
exhibited the highest CO2 and CH4 adsorption capacities and the most promising CO2/N2 equilibrium 
selectivity in this study. Future challenges to develop this class of carbon foam materials may be to 
find alternative complexing agents that have a lower environmental toxicity to the zinc salts used in 
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this study and to investigate the production of CO2 activated carbons directly from the 
furfural + aminophenol resin. 
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5.6 Supporting Information 
 
Figure SI 5-1 EDX analysis of (a) BPC- (b) CBF-1023-Ar-3h (c) CBF-1273-Ar-3h. 
 
 
Figure SI 5-2 SEM images of (a-c) the dry banana peel precursor (BP) and (d-f) banana peel derived 
char (BP-char) pyrolysed at 873 K for 1 hour. 
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Table SI 5-1  Measured absolute adsorption capacities for CO2, CH4, and N2 on CBF-1273-CO2-1h 
at 298 K, 313 K and 323 K, and the corresponding uncertainty u(Qabs). 
  
T=298 K T=313 K T=323 K 
P (kPa) 
Qabs, i  
(mmol.g-1) 
P (kPa) 
Qabs, i   
(mmol.g-1) 
P (kPa) 
Qabs, i  
(mmol.g-1) 
CH4 
29.89 0.43 29.18 0.30 28.71 0.24 
59.89 0.70 61.31 0.55 61.64 0.45 
100.11 1.00 101.71 0.78 102.38 0.67 
202.30 1.57 201.78 1.25 202.81 1.09 
401.25 2.30 401.20 1.90 402.26 1.68 
700.65 3.02 700.93 2.55 701.57 2.30 
999.81 3.51 1000.59 3.00 1000.71 2.72 
1498.23 4.07 1499.01 3.54 1498.92 3.24 
1997.03 4.47 1998.63 3.90 1998.70 3.62 
2496.30 4.75 2497.30 4.18 2497.15 3.89 
2996.03 4.98 2996.42 4.39 2996.05 4.11 
3494.84 5.15 3494.63 4.56 3494.96 4.29 
3991.82 5.29 3994.20 4.68 3994.78 4.42 
      
CO2 
29.07 1.45 27.67 1.07 29.47 0.88 
59.03 2.09 59.29 1.62 59.48 1.34 
99.20 2.70 99.58 2.13 99.63 1.78 
198.77 3.73 199.06 3.02 199.61 2.58 
398.51 4.98 398.59 4.16 398.95 3.61 
698.04 6.10 698.50 5.22 698.76 4.60 
997.88 6.83 998.53 5.93 998.26 5.28 
1497.15 7.64 1497.54 6.75 1497.71 6.06 
1996.68 8.19 1996.14 7.31 1996.72 6.60 
2495.35 8.58 2496.84 7.71 2495.54 7.00 
2994.02 8.86 2994.79 8.01 2996.20 7.31 
3494.05 9.06 3495.03 8.24 3495.48 7.54 
3995.92 9.21 3997.10 8.42 3996.14 7.73 
      
N2 
27.21 0.10 27.11 0.08 25.75 0.08 
60.46 0.22 60.51 0.16 60.15 0.15 
100.98 0.35 100.93 0.26 100.22 0.21 
200.99 0.62 201.83 0.47 202.24 0.41 
401.70 1.02 401.78 0.81 401.94 0.71 
700.29 1.47 701.14 1.20 701.17 1.07 
999.86 1.79 1000.14 1.50 1000.82 1.35 
1498.19 2.22 1498.71 1.91 1498.95 1.71 
1997.84 2.55 1997.62 2.22 1998.28 2.01 
2496.12 2.80 2497.08 2.45 2497.31 2.24 
2996.23 3.00 2996.09 2.67 2997.26 2.45 
3494.97 3.15 3496.47 2.84 3495.83 2.61 
3994.17 3.29 3994.11 2.98 3994.41 2.75 
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Table SI 5-2 Measured absolute adsorption capacities for CO2, CH4,and N2 on CBF-1273-Ar-3h at 
298 K measured with the Belsorb-BG. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
T P ,abs iQ   ,ex iQu  
[K] [kPa] [mmol.g-1] [mmol.g-1] 
CO2 
298.1 22.9 1.559 2.70203E-07 
298.2 58.0 2.251 9.96551E-05 
298.2 100.0 2.695 0.000229584 
298.2 199.2 3.350 0.000109809 
298.1 398.3 3.995 0.000150915 
298.2 698.4 4.457 1.34571E-05 
298.1 998.4 4.759 0.001588641 
298.1 1496.8 5.042 0.000734312 
298.1 1995.0 5.237 0.0006978 
298.1 2493.6 5.388 0.003072683 
298.1 2992.2 5.483 0.002238461 
298.1 3491.3 5.558 0.003037111 
CH4 
298.1 27.7 0.151 0.001003 
298.1 59.7 0.296 0.001885 
298.1 100.3 0.682 0.00221 
298.1 199.2 0.933 0.007507 
298.1 398.2 1.355 0.013127 
298.1 698.4 1.733 0.022505 
298.2 994.9 1.990 0.034388 
298.1 1497.2 2.313 0.050049 
298.1 1996.7 2.581 0.066126 
298.1 2496.0 2.740 0.085154 
298.1 2994.7 2.845 0.096217 
298.1 3494.9 2.971 0.111876 
298.1 3994.1 3.069 0.133368 
N2 
298.3 28.2 0.135 0.001206 
298.3 60.0 0.248 0.003252 
298.3 100.4 0.366 0.005468 
298.3 200.1 0.699 0.010502 
298.3 400.3 1.008 0.018697 
298.3 699.7 1.374 0.030467 
298.3 999.7 1.600 0.040895 
298.2 1498.6 1.874 0.057201 
298.2 1998.1 2.092 0.04947 
298.2 2496.6 2.234 0.054754 
298.2 2995.9 2.327 0.059223 
298.2 3496.2 2.420 0.064235 
298.2 3995.1 2.472 0.069111 
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Equilibrium selectivity 
Beside the absolute capacity of a potential adsorbent, the selectivity for one component from the other 
species is an important parameter in gas separation processes. To evaluate the gas separation potential 
of BPC-1273-CO2-1h, we calculated the adsorption equilibrium selectivity Eq. 5-3) for separating 
CO2 + CH4, CO2 + N2 and CH4 + N2 gas mixture pairs using the ideal adsorbed solution theory 
(IAST). The selectivity of the mentioned gas mixtures calculated at 298 K based on pure-component 
adsorption isotherms using the fitted Toth equilibrium model. The predicted IAST selectivity at 298 K 
and 100 kPa for different gas mixture compositions were presented in Figure SI 5-3(a-c). 
137 
 
 
Figure SI 5-3 Predicted IAST selectivity of CO2/CH4, CO2/N2 and CH4/N2 at 298 K based on the 
Toth model regression data as a function of mixture composition. 
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 Gate opening effect of zeolitic imidazolate framework ZIF-7 for 
adsorption of CH4 and CO2 from N2 
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6.1 Introduction 
Zeolitic imidazole frameworks (ZIFs) are a type of metal organic frameworks (MOFs) with tunable 
pore sizes and flexible framework structures have been reported as potential adsorbents for separation 
and storage of gasses including the capture of CO2, storage of H2 and separation of light hydrocarbon 
mixtures.1-3 A large number of different ZIFs can be constructed with transition metal cations (most 
commonly Zn or Co) and imidazole linkers, which can be selected from a wide variety of potential 
organic ligands to control the ZIF pore size. The second unique property of ZIFs is related to the 
flexibility of the coordinative metal-imidazole bonds is that these frameworks can exhibit structural 
transformations induced by interactions with guest molecules4 or changes in pressures or 
temperatures.5-6 Because of these structural phase transitions, ZIFs can exhibit gate opening or 
breathing effects that allow the adsorption of guest molecules that are larger than the nominal 
crystallographic pore diameter of the ZIF and this behavior can result in a highly selective adsorption 
process. 
One of the earliest reported ZIFs and most promising ZIFs for a variety of light gas separations is 
ZIF-76-9 composed of Zn metal clusters connected with 1H-benzimidazole linkers. This ZIF presents 
a structure related to the sodalite (SOD) topology10. At vacuum conditions ZIF-7 presents a narrow 
pore (np) phase with a pore diameter of approximately 2 Å but ZIF-7 is reported to undergo a 
reversible phase transition due to the flexibility of the benzimidazole linkers to a large-pore (lp) phase 
that can permit molecules up to about 5.2 Å diameter to enter the main cavities8, 11. This ZIF-7 phase 
change has been observed with two or three step adsorption isotherms for several gas molecules 
including H2
12, CO2
9, 13, ethane, ethylene8, and C2 and C3 alkanes14. 
The selective uptake of CO2 over CH4 in ZIF-7 has been proposed at pressures up to 1000 kPa, for 
example by Wu, et al. 15 who measured S-shaped CO2 isotherms indicative of the ZIF gate opening 
phenomena in two apparatus at pressures up to about 110 kPa and up to 1000 kPa. However, Wu, et 
al. 15 and other studies have often only measured the CH4 sorption isotherms at low pressures (up to 
130 kPa) and there are only a small number of more detailed investigations that focussed on the 
interaction of CH4 with ZIF-7 (such as that by Du et al.
6). In this chapter, I present gravimetric 
adsorption measurements of CH4 on ZIF-7 at pressures up to 5000 kPa that show CH4 also exhibits a 
reversible S-shaped isotherm which suggests a gate opening phase transformation in the ZIF-7 
structure. These results are of significance in the development and design of ZIF based adsorption 
technologies for (a) removal of CO2 from CH4 in natural gas
16 or biogas, and (b) capture of CH4 
emissions from other industrial gas streams such as ventilation air methane (VAM) from coal mines. 
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6.2 Experimental methods 
6.2.1 Materials 
Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 98%), 1H-benzimidazole (C7H6N2), 2-methylimidazole 
(C4H8N2, 99%), N, N-dimethylformamide (DMF) and methanol (CH3OH) were used without further 
purification. The purities of gasses used in this work, as stated by the supplier Coregas Australia, 
were >99.95% for methane, 99.995 % for carbon dioxide and 99.999 % for helium and nitrogen. 
6.2.2 Synthesis and characterisation of ZIF-7 
The ZIF-7 was prepared using the conventional hydrothermal synthesis route described by Wu et 
al.15. First, 1.605 g zinc nitrate hexahydrate and 0.469 g of benzimidazole were dissolved in 150 mL 
of DMF. Second, this reaction solution was transferred to a sealed 250 mL Teflon autoclave and 
heated at 403 K (heating rate of 5 K.min-1) for 48 h. The solids from the hydrothermal reaction were 
soaked in methanol at room temperature for 48 h to remove DMF and any unreacted reagents. Then 
the methanol was decanted and the white ZIF-7 crystals were dried at room temperature for 24 h. The 
final step in the preparation of ZIF-7 was drying the crystals at 433 K under vacuum for another 24 h. 
 
 
 
Figure 6-1 SEM images of the synthesized ZIF-7. 
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Figure 6-2 XRD pattern of the synthesized ZIF-7 crystals. The vertical bars show peaks for each 
ZIF in simulated patterns using the X-ray crystal structure data 10 
 
The successful synthesis of ZIF-7 crystals was confirmed by scanning electron microscopy (SEM, 
JEOL JSM-6100) and powder X-ray diffraction (XRD, Bruker Advance D8-III diffractometer with a 
graphite monochromator and CuKα radiation operated at 40 kV and 40 mA). The SEM images in 
Figure 6-1 show that here we obtained crystals approximately 70 µm in length with the cubic 
morphology like others have reported15, but our crystals were larger than the ZIF-7 reported by Wu, 
et al. 15. The location of peaks in the XRD pattern in Figure 6-2 confirms the ZIF-7 crystal structure10.  
6.2.3 Adsorption equilibrium measurements 
Equilibrium adsorption isotherms of CO2 on ZIF-7 at 273 K and pressures up to 130 kPa were 
measured with a TriStar II 3020 (Micromeriticis) after degassing the samples at 473 K and a pressure 
of 10−5 torr for 24 hr. I also attempted to measure N2 sorption at 77 K on the TriStar II 3020, but at 
these conditions, N2 isotherm could not be obtained probably due to the ZIF-7 pore openings are 
narrower than kinetic diameter of N2 molecules 
17. The 273 K CO2 isotherm measured on the TriStar 
II 3020 was used to characterize the porosity of the ZIF-7 and observe a two-step adsorption process.  
The high-pressure adsorption isotherms of pure CO2, CH4, and N2 on ZIF-7 were measured at (303, 
313 and 323) K and pressures up to 4494 kPa using a BELSORP-BG instrument (BEL Japan) 
equipped with an RUBOTHERM magnetic floating balance. Before adsorption measurements, the 
adsorbents were degassed in-situ at 473 K for 24 hrs. We have described the operation of this 
apparatus elsewhere 18. 
5 15 25 35 45
In
te
n
si
ty
 (
a
.u
.)
2θ / °
143 
 
6.3 Result and discussion 
6.3.1 Adsorption behavior of ZIF-7 
In the CO2 adsorption isotherm measured on ZIF-7 at 273 K shown in Figure 6-3 three regions can 
be distinguished: (i) at low pressures the amount adsorbed increases linearly with pressure, (ii) at 
pressures from 20 – 40 kPa there is a sharp step region in which the uptake of CO2 increases to more 
than 1.5 mmol.g-1, and (iii) at pressure from 40 – 130 kPa the uptake of CO2 increases more gradually 
with pressure. The observed S-shape or Type IV isotherm is consistent with other reported isotherms 
for CO2 on ZIF-7 
9. Transport of gas molecules from the external binding site of ZIF-7 structure, 
which is located within a ring of six zinc atoms, into internal adsorption sites and finally filling of the 
cavities needs overcoming the transport barrier energy 8, 17. The transition from the first region to the 
sharp step region at 40 kPa in adsorption isotherm of CO2 (Figure 6-3), may attributed to this transport 
of gas molecules through the channel and interactions of the adsorbate with the benzimidazole linkers 
which is mentioned as “gate-opening” effect  in the literature 6, 17, 19-20. The desorption isotherm in 
Figure 6-3 shows that CO2 uptake in ZIF-7 is reversible; however, the phase transformation exhibits 
a hysteresis with the transition from the large-pore phase to narrow-pore phase (i.e. gate closing) 
observed at a lower pressure in desorption than in adsorption. 
 
 
 
Figure 6-3 Adsorption isotherms of CO2 on ZIF-7 measured at 273 K on the Micromeritics Tristar II. 
Adsorption data points filled symbols; desorption data points open symbols. Three adsorption regions of CO2 
on ZIF-7 were separated by dash lines.   
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The absolute adsorption capacities of CO2, CH4, and N2 on ZIF-7 measured on the BELSORP-BG at 
temperatures of (303, 313 and 323) K are shown in Figure 6-4 with tabulated adsorption equilibria 
data provided in in Table 6-1. The CO2 isotherms measured at pressures up to 3995.6 kPa (Figure 6-4a) 
exhibit two sorption steps like the 273 K isotherm measured on the Tristar II. As expected at higher 
temperatures there is less CO2 uptake on ZIF-7 at pressures close to 100 kPa than at 273 K and at 
higher temperatures the phase transformation is observed at higher CO2 pressures.
9, 21 In the 303 K 
isotherm the CO2 uptake at the third measured data point shows the onset of the structural transition 
at pressures of P < 68.3 kPa, but at a temperature of 323 K, the transition is not observed until pressure 
greater than 100 kPa. The combined results of Figure 6-3 and Figure 6-4a confirm that during CO2 
sorption the phase transition of ZIF-7 from narrow- to large-pore states is strongly influenced by 
temperature.9 As the third region of the CO2 isotherms is attributed to filling of the internal ZIF-7 
cavities there is not a significant difference in the total adsorption amounts measured at temperatures 
in the range of 303 – 323 K for the highest pressure points in Figure 6-4a. 
Figure 6-4b shows that for pressures up to about 1000 kPa there is only a small amount of CH4 uptake 
on ZIF-7, which as the first region in the CO2 isotherms we attribute to adsorption on the external 
surface because the kinetic diameter of the CH4 molecule (3.8 Å
22) is larger than the pore openings 
in the narrow pore ZIF-7 phase. In the low-pressure region our isotherm is consistent with other 
published data for CH4 sorption on ZIF-7 at low pressures.
8, 15 However, in our CH4 adsorption 
measurements at pressures up to 4494 kPa, we observed that CH4 also exhibits an S-shaped isotherm 
on ZIF-7 (Figure 6-4b). At a temperature of 303 K, for example, the uptake of CH4 jumps sharply 
from 0.426 ± 0.018 mmol.g-1 at 1000.7 kPa to 1.503 ± 0.027 mmol.g-1 at 1494.4 kPa (see tabulated 
data in Table S4). Most of the previous studies only report low-pressure CH4 adsorption experimental 
measurements8, 15, 23 which may have been under the phase transition pressure for ZIF-7. Gücüyener, 
et al. 8 reported ZIF-7 phase transformations at pressures below 100 kPa for ethane and propane at 
298 K, so the interaction of light alkanes with ZIF-7’s benzimidazole linkers has been demonstrated 
previously and therefore it is plausible that CH4 could also interact with the ZIF-7 structure. 
Nitrogen sorption on ZIF-7 exhibits only a Type 1 adsorption isotherm (Figure 6-4c) with a similar 
shape to the low-pressure regions of CO2 and CH4 isotherms. There was no gate opening effect 
observed in the N2 isotherms in our study even at the highest measured adsorption pressures. The 
highest measured adsorption uptake of N2 on ZIF-7 was 0.346 ± 0.085 mmol.g
-1 at 303 K and 
4335.1 kPa, which is much lower than the capacity of ZIF-7 for CO2 (for example, 
2.081 ± 0.098 mmol.g-1 at 303 K and 3993.8 kPa) because in the narrow-pore phase the ZIF-7 pore 
openings are small compared to kinetic diameter of N2 molecules (3.64 Å
22). 
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Figure 6-4 Uptake of (a) CO2, (b) CH4 and (c) N2 on ZIF-7 measured at temperatures of 303 K, 313 K 
and 323 K and pressures up to 4494 kPA. In (a) and (b) the solid lines show the adsorption uptakes 
predicted with the Langmuir-Freundlich equation (Eq. 6-6) for CO2 and CH4; in (c) the dashed lines 
show predictions of the Toth model (Eq. 6-6) for N2 uptake. 
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Table 6-1 Carbon dioxide, methane and nitrogen adsorption equilibrium data on ZIF-7 sample at 303 K, 313 
K, and 323 K. 
  
T=303 K T=313 K T=323 K 
P (kPa) Qµ (mol.kg
-1) P (KPa) Qµ (mol.kg
-1) P (kPa) Qµ (mol.kg
-1) 
CO2 
7.5 0.050 7.9 0.038 7.5 0.027 
29.5 0.144 29.6 0.107 29.6 0.086 
68.3 0.517 69.6 0.246 69.8 0.179 
95.8 1.433 98.4 0.590 99.7 0.273 
300.4 1.816 299.9 1.739 298.3 1.647 
699.8 1.938 699.8 1.883 700.1 1.820 
999.4 1.979 999.7 1.931 999.5 1.877 
1498.3 2.018 1498.0 1.977 1498.8 1.930 
1997.7 2.042 1997.5 2.005 1996.3 1.963 
2495.3 2.058 2497.2 2.023 2495.0 1.985 
2995.5 2.070 2994.6 2.035 2994.1 2.001 
3494.5 2.077 3494.7 2.043 3493.7 2.010 
3993.8 2.081 3994.4 2.048 3995.6 2.018 
CH4 
10.2 0.007 10.2 0.007 8.2 0.005 
29.9 0.020 29.4 0.018 30.0 0.015 
71.9 0.046 72.7 0.039 72.5 0.033 
102.0 0.065 102.8 0.055 103.4 0.047 
302.9 0.156 302.2 0.129 302.7 0.109 
701.2 0.300 701.1 0.254 701.8 0.218 
1000.7 0.426 1000.7 0.354 1001.8 0.299 
1494.4 1.503 1498.0 0.659 1499.6 0.454 
1997.0 1.787 1996.1 1.645 1993.4 1.381 
2496.9 1.856 2498.2 1.793 2498.1 1.698 
2995.9 1.882 2996.6 1.839 2997.8 1.796 
3495.7 1.899 3495.5 1.862 3495.6 1.831 
3994.7 1.912 3993.9 1.880 3995.2 1.851 
4493.7 1.919 4493.3 1.890 4494.0 1.866 
N2 
7.5 0.002 7.4 0.002 7.7 0.003 
29.7 0.006 29.5 0.004 29.2 0.004 
70.9 0.011 70.7 0.010 70.8 0.009 
100.7 0.017 101.1 0.013 101.0 0.012 
300.9 0.045 300.7 0.038 301.0 0.032 
699.9 0.090 700.1 0.078 700.7 0.069 
1000.0 0.118 1000.2 0.104 1000.4 0.093 
1499.4 0.161 1499.2 0.143 1499.3 0.129 
1997.8 0.198 1999.1 0.178 1998.0 0.162 
2497.5 0.233 2498.4 0.210 2499.3 0.192 
2998.0 0.266 2997.7 0.240 2997.4 0.221 
3496.8 0.296 3497.5 0.269 3496.8 0.247 
3997.3 0.326 3998.6 0.297 3997.7 0.273 
4335.1 0.346 4325.7 0.315 4304.1 0.290 
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6.3.2 ZIF-7 phase transition free energy  
We applied the osmotic sub-ensemble model for a thermodynamic analysis of the reversible 
adsorption-induced phase transformation of ZIF-7. Table 6-2 shows the free energy between the 
guest-induced structural transitions of ZIF-7 structure calculated by Coudert et al.4 model. In this 
method, the osmotic potential difference between the non-porous I
OS  and the porous solid structure 
II
OS  , (
II I
OS OS OS   ) includes three key parameters: 1- the difference of solid phase (the host) 
free energy between two possible phases, before and after opening ( II I
Host Host HostF F F   ), 2- the 
difference of molar volume of the pure fluid at 2 phases as a function of pressure ( P V ) and 3- the 
difference of grand thermodynamic potentials of the adsorbed phase in the nonporous ( Iq ) and porous 
( IIq ) structure: 
 ( )II IOS Host SolidF P V q q        Eq. 6-1 
Where 
0
( , )P adsQ T Pq RT dP
P
    Eq. 6-2 
Qads, the adsorption capacity at a given temperature and pressure in Eq. 6-2 was computed by 
regression of Langmuir isotherm models (Eq. 6-3) to regions I and II of the CO2 and CH4 adsorption 
isotherms measured on the Belsorp-BG. The best-fit Langmuir equation parameters for each step of 
CO2 and CH4 adsorption isotherms are listed in Table 6-2. For regression of Langmuir isotherm 
models to the first and the second steps of the CO2 adsorption isotherms, the maximum pressure of 
100 kPa (at 323 K), and minimum of 200 kPa (at 303 K) was used, respectively. These two upper and 
lower boundaries for the first and the second steps of CH4 adsorption isotherms were the maximum 
of 1000 kPa for the first step, and the minimum of 2000 kPa for the second step. Figure 6-5 shows 
the fitted Langmuir equation on the first and the second step of the CO2 and CH4 adsorption isotherms. 
 
,
1
1
s i i
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j j
j
Q B P
Q
B P
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Eq. 6-3 
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,
0, exp
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i i
H
B B
RT
 
  
 
  
By rewriting Eq. 6-2 in the form of Eq. 6-4 to calculate the grand thermodynamic potentials of the 
adsorbed phase ( iq ):  
 
 Eq. 6-4 
In the case of double step adsorption isotherms such as CO2 and CH4, the osmotic potential difference 
( OS ) and difference of unit cell volumes of the structure ( V ) can be assumed zero at the 
, ln 1
i i i
i s i
s
B P
q RTQ
Q


 
    
 
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structural transformation pressure, so the difference of solid phase free energy before and after gate 
opening ( II IHost Host HostF F F   ) can be calculated 
4. The transient pressure was defined as the pressure 
at which CO2 adsorption capacity is half of the final loading in the next step. The estimated free 
energy difference (ΔFHost) of the ZIF-7 structure is 2.43 kJ.mol-1 in the presence of CO2 at 303 K 
(Table 6-2) is comparable to the reported values (2.09 – 2.8  kJ.mol-1 at 298 K 14-15). 
The phase transition observed for ZIF-7 can be explained by the ZIF framework structure. The crystal 
structure of ZIF-7 has a rhombohedral sodalite topology with one type of four-membered ring and 
two different types of six-membered rings which have been identified as the preferred adsorption 
sites for guest molecules 5, 24. The benzimidazole linkers that connecting Zn metal clusters in ZIF-7 
structure can fold the structure to a denser state (non-porous) and expand to a porous structure in 
response to temperature and adsorbent-adsorbate interaction 6. The higher transient pressure of ZIF-
7 in the presence of CH4 (1245 kPa) compared to that of CO2 (78 kPa) may attribute to the lower 
adsorption energy of methane 14. The lower affinity constant or Langmuir constant of CH4, that is 
reported in Table 6-3 (BCH4 < BCO2) also confirms this lower adsorption strength of methane compared 
to carbon dioxide. The lower adsorption constant (Bi in the Langmuir model, Eq. 6-3) at higher 
temperatures may also justify the higher pressures gate opening of ZIF-7 at upper temperatures which 
are clear in Figure 6-4a and b.  
The estimated difference in free energy of the ZIF-7 structure before and after expansion at the 
transition pressure induced by CH4 is 5.7 kJ.mol
-1, which is reported for the first time, is higher than 
the value in the presence of other adsorbates reported in the literature. Van den Bergh et al.14 reported 
a free-energy change of ZIF-7 from 2.6– 3.7  kJ.mol-1 associated with the phase transition induced by 
CO2, propene, ethene, ethane, and n-butane at temperatures from 298 to 373 K. Notably, the CH4 
transition pressure is much higher than the ZIF-7 structural transition pressure in the presence of the 
mentioned gasses which was in the lower range of 2 to 107 kPa. 
 
Table 6-2 Transition pressure of ZIF-7 derived from adsorption isotherms of CO2 and CH4 molecules 
at 303 K and the difference of free energy between the structure of ZIF-7 before and after expansion 
at the transition pressure. 
 
 
 
  
Adsorbate Transition Pressure (kPa) ΔFHost (kJ.mol-1) 
CO2 78 2.43 
CH4 1245 5.70 
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Figure 6-5 Measured and modeled (a) CO2 and (b) CH4 adsorption capacities of ZIF-7 at temperatures of 
303 K, 313 K, and 323 K.  
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Table 6-3 Fitting parameters of the Langmuir Model for CO2 and CH4 on the first (I) and the 
second (II) adsorption steps. 
Adsorbate Adsorption step 
Qµs 
mol.kg-1 
b0,i ×106
 
MPa 
-ΔHLang,i 
kJ.mol-1 
SD 
mmol.g-1 
CO2 
I 1.8 1.68 18.7 7.4×10-3 
II 2.07 0.26 28.3 1.4×10-2 
CH4 
I 1.42 0.34 17.8 4.4×10-3 
II 2.04 0.63 21.9 2.1×10-2 
 
6.3.3 Selectivity of ZIF-7 
To evaluate the gas separation potential of the flexible ZIF-7, we calculated the ideal adsorbed 
solution theory (IAST) equilibrium selectivities, αij based on the modelled adsorption data of pure 
CO2, CH4 and N2 adsorption isotherms as a function of mixture composition (fixed temperature and 
pressure) and equimolar selectivity vs pressure for three gas mixtures CO2 + N2, CO2 + CH4 and 
CH4 + N2. A temperature-dependent equilibrium adsorption model of Langmuir-Freundlich 
(modified dual-site Sips equation), Eq. 6-5 was used for data fitting of the two-step adsorption 
isotherms of CO2 and CH4 and Toth model 
25, Eq. 6-6 was applied for the fitting of N2 adsorption 
data (Figure 6-4).  
Langmuir-Freundlich model is as follow: 
 1/ 1/
, , ,1/ 1/
( ) ( )
1 ( ) 1 ( ) 1
A B
A B
n n
CA B
m A m B m Cn n
A B C
B PB P B P
Q Q Q Q
B P B P B P
  
  
 
where     0, exp
i
i i
H
B B
RT
 
  
 
 
Eq. 6-5 
where Q is the amount adsorbed of the pure component in mole per unit mass (mmol.g-1), P is the 
pressure of the bulk gas at equilibrium (kPa), Qm,i, (mmol.g
-1) is the maximum loading capacity at 
adsorption sites A, B and C of the adsorbent, Bi (kPa
-1) is the affinity parameter for sites A, B, and C, 
nA and nB are solid heterogeneity parameters for sites A and B 
26. Table 6-4 shows the fitted equation 
parameters for the CO2 and CH4 isotherms on ZIF-7 which are demonstrated in Figure 6-4a and b. 
Deviations between the measured and the modeled data for CO2 and CH4 are showed in Figure 6-6. 
For regression of conventional Type-I equilibrium adsorption isotherms of N2 on ZIF-7 to predict the 
measured adsorption capacities across the range of pressure and temperature conditions measured in 
this study, a temperature-dependent Toth model was tested: 
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 Eq. 6-6 
where R is the molar gas constant, P and T are the measurement pressure and temperature, and ΔHcalc,i¸ 
is the isosteric heat of adsorption at zero loading. In the regression of each model, ΔHcalc,i  was treated 
as an adjustable parameter together with the empirical parameters (
si
calcQ

, 0,iB , it  or ia ). The 
parameters it  are used to characterize the heterogeneity of the adsorption sites in each model, but it 
was treated as adjustable parameters in the regression. The best fit parameters of each of Eq. 6-6 were 
determined using a least-squares regression analysis to minimize the standard deviation (SD) between 
the measured capacities, Qμ, and the capacities 
si
calcQ

 calculated with each model (
2 1/2((1/ ) ( ) )meas calci iSD N Q Q     where N is the number of data points regressed).  
 
Table 6-4  Best fit parameters of the Langmuir-Freundlich Modal (Eq. 6-5) regressed to the 
adsorption capacities of CO2 and CH4 on ZIF-7 measured on the Belsorp-BG at 303 K, 313 K, and 
323 K.  
 
CO2 CH4 
Qm,A (mmol.g
-1) 1.16 1.23 
B0, A×10
6
 (kPa
-1) 0.24 0.74 
-ΔHA (J.mmol-1)  27.6 17.5 
nA 0.07 0.068 
Qm,B (mmol.g
-1) 2.75 3.2 
B0, B×10
6 (kPa-1) 0.02 0.07 
-ΔHB (J.mmol-1) 10 3.67 
nB 0.12 0.79 
Qm,C (mmol.g
-1) 0.93 0.93 
B0,C×10
6 (kPa-1) 4.37 0.78 
-ΔHC (J.mmol-1) 18.2 17.2 
SD (mmol.g-1) 0.014 0.067 
ARE (%)* 0.1 3 
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Table 6-5 Best fit parameters of the Toth Model (Eq. 6-6) fitted to the absolute adsorption capacities 
for N2 on ZIF-7 measured on the Belsorp-BG at 303 K, 313 K, and 323 K. 
 N2 
Qµs (mmol.g
-1) 3.4 
b0, i×10
6 (kPa-1) 3.18 
ΔHcalc,i (J.mmol-1) 6.93 
ti 0.49 
SD (mmol.g-1) 0.005 
ARE (%) 5.9 
 
 
The separation ability of ZIF-7 structure as a function of mixture composition (fixed temperature and 
pressure) and equimolar selectivity (yi = yj = 0.5) at 303 K vs pressure were calculated using Eq 4.5 
and the results plotted in Figure 6-7. 
The flexible ZIF-7 adsorbent shows a promising selectivity of CO2 over N2 and CH4 especially at 
100 kPa where pores are open only to CO2 molecules (pressures above 50 kPa) while they are still 
close to the larger N2 and CH4 molecules. The CO2/N2 and CO2/CH4 separation ability of ZIF-7 from 
equimolar mixtures reach to about 101.1 and 24.3, respectively, at 303 K and 100 kPa15, which is 
comparable with the equilibrium selectivity of the best-reported adsorbents prepared for CO2 capture 
over N2 and CH4
16, 27-32. There are only a few recently reported novel MOFs such as Mg-MOF-7433 
and cation-exchanged zeolite34-35 which showed higher CO2/CH4 and CO2/N2 selectivity, 
respectively, based on the ratio of Henry constants and at different gas ratios. In another study on 
adsorption of CO2 and CH4 at 304 K in a range of (0-2000 kPa) on MIL- 53(Cr), which is also an 
adsorbent with a breathing behavior, the selectivity of CO2 over CH4 on the dehydrated form of the 
adsorbent was less than 536. Although this value increased in the hydrated form of MIL- 53(Cr) due 
to the phase change of the adsorbents, the needed pressure for this purpose was between 1000 and 
2000 kPa which is at least ten times higher than the needed pressure for ZIF-7.  
As expected, the selectivity of CO2/N2 and CO2/CH4 and CH4/N2 decreases at higher adsorption 
temperatures but at a temperature of 323 K remains a high selectivity of 68.6 for CO2/N2 and 20.2 for 
CO2/CH4 at 100 kPa, which characterizes ZIF-7 as a good candidate for the capture of CO2 from post-
combustion flue gas emissions in addition to the natural gas purification applications 
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Figure 6-6 Deviations between the measured and the calculated (Langmuir-Freundlich Model (Eq. 6-5) for 
CO2 and CH4, and Toth model (Eq. 6-6) for N2) adsorption capacities of (a) CO2, (b) CH4 and (c) N2 for ZIF-
7 at temperatures of 303 K, 313 K and 323 K. . 
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Figure 6-7 ZIF-7 predicted IAST selectivity based on the modeled adsorption data as a function of mixture composition (fixed temperature and pressure) 
and equimolar selectivity vs pressure for  CO2 + CH4 (a and b), CO2 + N2 (c and d), and CH4 + N2 (e and f). The IAST models were implemented with 
the Langmuir-Frendlich models for CO2 and CH4 and Toth model for N2 parameters reported in Table 6-4 and Table 6-5 respectively.
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Figure 6-7c shows the selectivity of CH4 over N2 which reaches 10.1 at 303 K and 1500 kPa. 
Although there are few reported novel adsorbents with higher CO2/N2 and CO2/CH4 compared to 
ZIF-7, based on the author's knowledge, high equilibrium selectivity of CH4/N2 was not 
experimentally measured/reported in the previous literature 37-38. High CH4/N2 selectivity of 9.3 and 
8.5 was also measured for ZIF-7 at higher temperatures of 313 and 323 K and 1500 kPa. Due to lack 
of permanent dipole moments, similar polarizabilities and kinetic diameters of CH4 and N2, different 
evaluated adsorbents for their separation such as activated carbon18, carbon molecular sieves39, 
zeolites40, metal-organic framework (MOFs)27, 37, 41 still couldn’t fulfill the requirements of an 
adsorptive gas separation process. In a recent research, it was tried to tune a series of isostructural 
ultra-microporous MOFs compounds [M3(HCOO)6] where (M = Mg, Mn, Co and Ni) for the 
separation of CH4 and N2 and it was showed that [Ni3(HCOO)6] with CH4 adsorption capacity of 
1.09 mmol.g-1 has the highest CH4/N2 selectivity up to 6.5 at 400 kPa and 298 K
38. In another 
research, Molmer et al.37 measured CH4 and N2 adsorption on two microporous MOFs, Basolite
® 
A100 and a novel copper-based 1,2,4-triazolyl isophthalate MOF and reported the best CH4/N2 
selectivity of 4-5 for the latest adsorbent at 2000 kPa and temperatures of 273-323 K. This 
comparison helps to conclude that open-door behaviour of ZIF-7 makes this adsorbent an excellent 
candidate for denitrogenation of methane-rich gas mixtures. 
6.4 Conclusion 
The interaction of ZIF-7 as a flexible structure with CH4, CO2 and N2 was analysed in wide pressure 
range of 10 – 5000 kPa and temperatures of 303-323 K. Gate opening or breathing effects of ZIF-7 
in the presence of CO2 and CH4 at temperature of 303 K were observed to start from pressure of about 
78 kPa and 1245 kPa, respectively. The structural transition pressures increased by increasing the 
adsorption temperature. This breathing effect of ZIF-7 in presence of CH4 results in a promising high 
IAST selectivity of 10.1 for CH4 over N2 from an equimolar CH4 + N2 mixture at 1500 kPa and 
303 K. The similar behaviour of ZIF-7 in the presence of CO2 also gives an equilibrium selectivity 
of 24 for CO2 over CH4 and 101 for CO2 over N2 at 303 K and 100 kPa. These results are of 
significance in the development and design of ZIF based adsorption technologies for (a) removal of 
CO2 from CH4 in natural gas or biogas, and (b) capture of CH4 emissions from other industrial gas 
streams such as ventilation air methane from coal mines. 
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Abstract 
We report helium adsorption capacities and the true specific impenetrable solid volumes of a 
clinoptilolite-rich Escott zeolite from Werris Creek (Australia), synthetic 3A and 4A zeolites, and 
carbon molecular sieve 3K-172 measured by a gravimetric method at pressures of (300 - 3500) kPa 
and temperatures in the range of (303 - 343) K. Our helium adsorption procedure extends the previous 
works by Gumma and Talu 1 to determine the impenetrable solid volume of the adsorbent, which in 
standard helium pycnometry is determined under the assumption that helium does not adsorb at room 
temperature. Our results confirm helium adsorption on these solids is small, but not zero: equilibrium 
helium adsorption capacities measured at 3500 kPa and 303 K were 0.067 mmol/g on Escott, 
0.085 mmol.g-1 on 3A, 0.096 mmol.g-1 on 4A and 0.089 mmol.g-1 on 3K-172. The specific solid 
volumes determined by the Gumma and Talu method were 10 – 15 % larger than the specific solid 
volumes measured by standard helium pycnometry, and this error can result in uncertainties of 
2.6 – 28 % in the equilibrium adsorption capacities of CO2 and N2 measured at high pressures. The 
uncertainties were largest for N2 on the Escott zeolite, which had the lowest equilibrium adsorption 
capacity for N2. These results support the need to consider helium adsorption in the characterisation 
of adsorbents with narrow pore sizes, especially for adsorption processes that involve helium 
separations at low temperatures and/or high pressures. 
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Nomenclature 
H   Henry’s constant, (mmol.g-1.kPa-1)  
H0  Entropy of adsorption, (mmol.g
-1.kPa-1) 
H1  Isosteric heat of adsorption, (kJ.mol
-1) 
ma  Adsorbed phase weight, (g) 
mb  True weight of sample basket and hook, (g) 
ms  True weight of solid adsorbent, (g) 
mbal  mass recorded by balance at measuring point 1, (g). 
mt
Calc  Calculated total weight, (g) 
mt
Meas  Measured total weight, (g) 
mwads  Molecular weight of adsorbate, (g.mol
-1) 
na   number of moles adsorbed, (mole) 
P   Pressure, (kPa) 
Qa,  Amount of helium adsorbed per unit mass of the adsorbent, (mmol.g
-1) 
R  Molar gas constant, (kJ.K-1.mol-1) 
Va  Volume of adsorbed phase, (cm
3) 
Vb  Volume of the sample basket and hook, (cm
3)  
Vs  Impenetrable or inaccessible solid volume, (cm
3) 
vs  Specific inaccessible solid volume, (cm
3.g-1) 
Vt  Total volume, (cm
3) 
ρg  Fluid density, (g.cm-3) 
∆m  Raw mass change, (g) 
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7.1 Introduction 
To measure adsorption of gases on porous solids with a high degree of accuracy requires the 
adsorbent’s impenetrable solid volume (Vs) to be determined precisely. The most common method 
used to determine Vs is by volumetric helium pycnometry 
2-4 because helium is small enough to access 
narrow pores (kinetic diameter of 2.60 Å 5) and helium has only weak interactions with solid surfaces. 
Typically, helium pycnometry is performed either in-situ within an adsorption measurement 
apparatus or in a separate pycnometer, and this procedure is based on the assumption that helium 
adsorption is negligible (i.e. mass helium adsorbed ma,He=0) 
5-6. This assumption is reasonable for 
many adsorbents and conditions of relevance to most industrial processes. However, there is evidence 
in the literature 2, 7 that the uptake of helium on certain adsorbents may significantly affect the 
measurement of Vs at low temperatures and high pressures. Thus, at high pressure conditions the 
standard helium expansion methods may lead to significant errors in the determination of Vs 
1, 8, and 
these errors propagate as uncertainties in the estimation of the Gibbs dividing surface excess (GSE) 
8-9 and consequently as uncertainties in equilibrium capacities of other species such as CO2, CH4 and 
N2 measured at high pressures. 
Although helium pycnometry is ubiquitous in the characterisation of porous materials, there are few 
reports of high pressure helium adsorption measurement techniques 1-2, 7-8, 10-14. Most commercial 
adsorption instruments perform helium pycnometry at pressures close to 101.3 kPa or in some high 
pressure instruments at pressures close to 500 kPa. Some theoretical and experimental approaches 
have been used to avoid using the limiting assumption that helium adsorption is zero. For example, 
Herrera et al. 3 proposed an alternative dividing surface to the traditional Gibbs dividing surface. 
From an experimental perspective, Sircar 8 and Gumma and Talu 1 have sought to develop methods 
that allow the true GSE to be approached more closely than the assumption of zero helium adsorption 
allows. Sircar’s 8 approach was to determine the impenetrable solid volume (Vs) and fix the Gibbs 
dividing surface by using helium as a probe molecule at temperatures where the Henry’s Law constant 
(H) approached zero. Gumma and Talu 1 modified Sircar’s method by relaxing the assumption that 
helium uptake at any temperature was zero, and instead measured helium uptake at a range of 
temperatures up to 515 K to estimate a value for the Henry’s Law constant. 
In this study we tested Gumma and Talu’s method with a gravimetric adsorption apparatus to measure 
the true void volumes and helium equilibrium adsorption capacities of a clinoptilolite-rich natural 
zeolite (Escott), synthetic zeolites 3A and 4A, and a carbon molecular sieve. To examine the 
sensitivity of the equilibrium adsorption capacities measured at high pressure on these narrow pore 
adsorbents to the value of true void volume, we measured CO2 and N2 adsorption isotherms at 
pressures up to 4990 kPa and temperatures in the range of (298 - 323) K. 
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7.2 Materials and materials characterisation 
Natural clinoptilolite-rich Escott zeolite from the Werris Creek deposit (New South Wales, Australia) 
was provided from Zeolite Australia Pty Limited, the synthetic zeolite molecular sieves 3A and 4A 
were provided by Sigma-Aldrich (Australia), and the carbon molecular sieve 3K-172 was provided 
by Shirasagi (Osaka Gas Chemicals Co. Ltd., Japan). The Escott zeolite was used as-received as an 
un-purified powder with particle sizes of less than 76 μm. The synthetic zeolites were in the form of 
beads with mesh sizes of 4 – 8 for type 3A and 8 – 12 for type 4A. The 3K-172 carbon molecular 
sieve (CMS) was in the form of cylindrical, extruded pellets with diameter 1.8 mm and lengths in the 
range 1.18 – 2.8 mm (99 % of particles in this size fraction according to technical specification sheet 
from Osaka Gas Chemicals Co. Ltd). 
The Escott clinoptilolite was selected as a low-cost, natural adsorbent available in commercial 
quantities that features narrow pores that are just accessible to helium. Clinoptilolite has a typical unit 
cell of Na6[(Al2O3)8(SiO2)28] 24H2O and belongs to the heulandite (HEU) group 
15-16. This 
nanostructured material is composed of two parallel 10- and 8-membered ring channels of 0.72 × 
0.44 nm and 0.47 × 0.41 nm, respectively that are connected to a third channel with the windows size 
of 0.55 × 0.40 nm 17. Although the Werris Creek zeolite deposit is reported to be rich in clinoptilolite, 
thus natural material also contains other minerals such as mordenite, quartz, smectite clays and mica. 
We confirmed the presence of clinoptilolite in the Escott samples by powder X-ray diffraction (XRD, 
Bruker Advanced XRD) and MAS NMR spectra (AV-300 Brucker). The XRD pattern is shown in 
Figure SI 7-3 of the Supporting Information (SI). The MAS NMR spectra collected at room 
temperature for the 29Si, 1H and 27Al nuclei are included in Figure SI 7-4. NH4Al(SO4)2·12H2O was 
used as a reference for the chemical shifts. The 27Al MAS NMR spectra was used to calculate a Si/Al 
ratio in the zeolite framework of (Si/Al)fw = 6.587 (Table SI 7-2). Further information on the 
composition of the Escott zeolite sample is available in the technical data sheet provided by Zeolite 
Australia Pty Limited 18 and we have included the X-ray fluorescence date from the data sheet in 
Table 1S of the SI. Table 1S shows that the principal cations identified in the Escott zeolite were K+, 
Ca2+, Fe3+ and Mg2+, and as the cations affect the zeolite structure this data should be considered 
when comparing the Escott sorption capacities and selectivity to other natural or synthetic zeolites. 
The synthetic zeolite molecular sieves 3A and 4A were selected for investigations because the 
structure of these materials is well characterised and the narrow pore openings of these zeolites allow 
only adsorption of small probe molecules such as like water, hydrogen and helium 19. The structural 
framework of these zeolites is of the Linde Type A (LTA) cubically symmetric type. Zeolite 3A is a 
synthetic crystalline potassium aluminosilicate that is usually obtained by ion exchange from the 
sodium form of zeolite type 4A 20-21. 
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Table 7-1 Micropore surface area (m2/g) and micropore volume (cm3/g) of Escott zeolite, zeolites 3A 
and 4A, and carbon molecular sieve CMS 3K-172 calculated from CO2 adsorption isotherms 
measured at 273 K. Micropore surface areas were calculated using the Dubinin-Radushkevich (D-R) 
equation and micropore volumes were estimated applying the Dubinin-Astakhov (D-A) equation. 
 
Micropore surface area, 
D-R (m²/g) 
Limiting micropore volume, D-A 
(cm³/g) 
Escott zeolite 100 0.041 
Zeolite 3A 13.0 0.008 
Zeolite 4A 332 0.098 
CMS 3K-172 482 0.17 
 
Pore textural properties of each adsorbent were characterized from sorption analyses of CO2 at 273 K 
measured with a TriStar II 3020 apparatus (Micromeritics, USA). The adsorbents were degassed at 
473 K at a pressure of 10−2 Torr for 24 hours prior to sorption measurements on the TriStar II 3020. 
A summary of the pore volumes and surfaces areas measured is presented in Table 7-1, the CO2 
isotherms measured on the TriStar II 3020 and the calculated pore size distributions are included in 
the SI. These results indicate that the CO2 equilibrium capacities at 273 K and 130 kPa rank in the 
order CMS > 4A > clinoptilolite > 3A. 
The purities of gases used in this work, as stated by the supplier Coregas Australia, were Grade 5 
(99.999 %) for helium and nitrogen and grade 4.5 (99.995 %) for carbon dioxide.  
7.3 High pressure gravimetric adsorption apparatus 
Adsorption isotherms of pure helium on the four adsorbents were measured at (303 to 343) K and 
pressures up to 3500 kPa using a BELSORP-BG high pressure gas adsorption instrument (BEL, 
Japan). A schematic of the BELSORP-BG instrument is shown in Figure 7.1. Prior to adsorption 
measurements the sample was degassed in-situ at 423 K under an ultimate vacuum of 1×10-5 Torr, or 
lower, for 12 hours. The sample mass is measured continuously during an adsorption experiment 
using a magnetic floating balance (RUBOTHERM, Germany). About 1 g of each adsorbent was used 
for the adsorption measurements. 
The sample basket is connected to the permanent magnet and the volume of the magnetic coupling 
section excluding the sample cell is constant throughout a measurement. The balance records three 
different positions during a single step of an adsorption measurement: (1) a zero point (ZP) is used to 
correct any drift in the balance between data points in an isotherm measurement; (2) measuring 
point 1 (mbal) records the location of the balance during the measurement and indicates the total 
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weight change; and (3) measuring point 2 is used to determine the fluid density (ρg) after the system 
reaches equilibrium by reference of the final balance position to the position when a titanium sinker 
(Figure 7-1) is lifted. The resolution and reproducibility of the gravimetric balance are 10-5 g and 
±3×10-5 g (STD), and the density resolution and accuracy of the unit are 2×10-6 and ±2×10-5 g/cm3, 
respectively.  
 
 
 
 
Figure 7-1 Schematic of BELSORP-BG gravimetric adsorption apparatus. Key to symbols: P1-6: 
pressure sensor, C1-2: Automatic control valve. TI1-4: Temperature indicator (controller), V1-21: 
Normal closed type pneumatic-actuated valve 
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Figure 7-2 Overview of the algorithm used to determine uptake of helium from gravimetric 
adsorption measurements 1.  
The absolute mass of adsorbed gas (ma) is determined from the weight recorded at measuring point 1 
(mbal) by a force balance on the system including the mass of the sample basket and balance hook 
(mb), the mass of the solid adsorbent (ms) and a correction for the buoyancy effect of the fluid (i.e. 
Archimedes principle). The force balance is shown in Eq. 2-2: 
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 ( ) gbal b s a b s am m m m V V V        Eq. 7-1 
where the term ( ) gb s aV V V    applies the buoyancy correction for the volume of the basket and 
hook (Vb), the volume of the solid adsorbent that is not accessible to the adsorbate (Vs) plus the volume 
of the adsorbed phase (Va). The volume of the adsorbed phase (Va) is negligible compared to b sV V  
and can be ignored from the buoyancy correction term. The empty basket volume Vb is obtained from 
a calibration measurement made with helium across the range of temperatures and pressures of 
interest for the adsorption measurements. The masses of the degassed basket and sample are measured 
under an ultimate vacuum of 1×10-5 Torr, a condition at which the buoyancy effect can be considered 
negligible since ρg is essentially zero.  
The remaining unknown variable in Eq. 2-2required to resolve the mass of adsorbed gas from the 
force balance is the volume of the solid adsorbent Vs. To determine the true solid volume Vs and 
overcome the limitations of the conventional helium pycnometry measurements performed at close 
to ambient conditions (atmospheric pressure and 298 K), we followed the method of Gumma and 
Talu 1 as summarized in the Figure 7-2 flowchart. 
7.4 Helium adsorption measurement procedure 
Steps 1, 2 and 3a in Figure 7-2 are described with the Belsorp-BG apparatus in Section 3. Step 3b 
involves a rearrangement of the force balance in Eq. 2-2 to obtain a reduced mass term Δm from the 
buoyancy correction: 
 ( ) gb s a bal b sm m m m m V V         Eq. 7-2 
Helium adsorption isotherms were measured at temperatures from 303 K to 343 K and Eq. 7-2 was 
computed at each measurement temperature to plot Δm against ρg (which represents a unique 
equilibrium pressure condition in each isotherm). Figure 7-3 shows the Δm plot for clinoptilolite from 
helium adsorption measurements at temperatures of (303 – 343) K and pressures up to 3500 kPa. The 
gradient of the plot in Figure 7-3 represents the volume b sV V  and is first calculated as a straight 
line passing through the origin. As the value of Vb is already known for each temperature from the 
Belsorp-BG calibrations and the thermal expansion of the adsorbent is negligible over the measured 
temperature range 22, then the slope b sV V  should be constant at all temperatures if there were no 
helium uptake on the solid. However, Figure 7-4 shows that for helium on clinoptilolite the apparent 
volume b sV V  determined from the slope of Δm against ρg increases more than could be attributed 
to thermal expansion of the solid (volumetric thermal expansion coefficient approximately 
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1.7×10- 9 cm3/(cm3.K)). This result suggests a measurable mass of helium has been adsorbed and the 
observation is consistent with other high-pressure helium adsorption studies 1, 12, 14, 23. 
 
Figure 7-3 Mass change ∆m measured from force balance on clinoptilolite-rich Escott zeolite plotted against the bulk 
helium fluid density at temperatures from 303 K to 343 K. 
 
Figure 7-4 Volume b sV V  determined at each measured adsorption temperature from the slopes of 
the ∆m against fluid density ρg plots shown in Figure 3 for Escott zeolite. 
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Step 5 of the helium measurement procedure in Figure 7-2 tests the assumption that helium adsorption 
at the measurement conditions follows Henry’s Law 13, 24: 
 𝑚𝑎 = 𝑀𝑊𝑎𝑑𝑠𝑛𝑎 = 𝑀𝑊𝑎𝑑𝑠𝐻𝑃 Eq. 7-3 
where MWads is the molecular weight of the adsorbate, na is the number of moles adsorbed and H is 
the Henry’s Law constant. Eq. 7-3 can be substituted in the Eq. 2-2 force balance with the replacement 
of the adsorbent volume Vs with msvs, where vs represents the specific inaccessible volume of the solid 
(Vs/ms) to obtain: 
  ( ) gbal b s s b s sm m m m HRT V m v       Eq. 7-4 
Here the pressure P is evaluated using the ideal gas law and the fluid density measured at each 
isotherm point by the gravimetric balance. The uncertainty introduced in the calculation of the mass 
of helium adsorbed by the use of the ideal gas law in Eq. 7-4 is less than 1 % at the measured pressure 
range because the measurement temperatures are well above helium’s critical temperature of 5.2 K. 
The temperature dependence of Henry’s constant can be represented by an Arrhenius type equation 
with entropy related H0 and isosteric heat H1 of adsorption parameters 
25 to yield Eq. 7-5 and a model 
force balance Eq. 7-6 that represents the adsorption isotherm: 
 
1
0 exp
H
H H
RT
 
  
 
 Eq. 7-5 
 
1
0 exp ( ) gbal b s s b s s
H
m m m m H RT V m v
RT

  
      
  
 Eq. 7-6 
A least-squares regression analysis was used to determine the best-fit parameters vs, H0, and H1 in 
Eq. 7-6 by minimizing the standard deviation (
2 1/2((1/ ) ( ) )
t t
Calc MeasSD N m m    where N is the 
number of data points regressed) between the measured mass 
Meas
balm  and the mass calculated with Eq. 
7-6 
Calc
balm  for the five different temperatures. The best-fit parameters for helium on clinoptilolite, and 
the other three adsorbents studied, are summarized in Table 7-2. 
. 
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Table 7-2 Best-fit parameters for the helium adsorption isotherm model in Eq. 7-6 for helium 
adsorption on clinoptilolite-rich Escott zeolite, zeolites 3A and 4A and carbon molecule sieve 3K-
172. The specific impenetrable solid volumes shown are vs,GT determined using Gumma and Talu’s 
method and vs,Pyc obtained from standard helium pycnometry performed at close to ambient pressure 
conditions. 
Material 
Best-fit parameters for helium adsorption procedure 
Standard helium 
pycnometery 
vs,GT  
(cm3.g-1) 
H0 
(mmol.(kg.kPa)-1) 
H1  
(kJ.mol-1) 
SD (g) 
vs,Pyc  
(cm3.g-1) 
Escott zeolite 0.461 5.14 × 10
-3
 3 3.9×10
-5 0.422 
Zeolite 3A 0.487 5.72 × 10
-3
 3 3.9×10
-5 0.410 
Zeolite 4A 0.492 5.62 × 10
-3
 3 1.9×10
-5 0.438 
CMS 3K-172 0.546 7.57 × 10
-3
 3 8.1×10
-5 0.487 
2 1/2((1/ ) ( ) )
t t
Calc MeasSD N m m    
 
We found one challenge in obtaining the best-fit parameters for Eq. 7-6 with the measured data sets 
was finding an optimized solution with a value for the heat of adsorption parameter H1 that was 
consistent with expected values from other theoretical and experimental studies. To address this 
challenge, we performed a series of regressions to find H0 and vs for values of H1 in the range of 
(0 – 8) kJ.mol- 1 and the sensitivity of the final result to the choice of H1 is shown in Figure 5S. 
Although the selection of H1 values within the range of (0 – 8) kJ.mol- 1 does not have a significant 
effect on the overall fit of the model to the measured data (SDs were less than 2×10-5 g for all cases), 
the values for vs of obtained for the synthetic zeolites 3A and 4A when H1 was set to values less than 
3 kJ.mol- 1 were significantly larger than the possible range of solid volumes that have been calculated 
from the cage structures of these zeolites and the other experimental measurements 13, 26. For the 
Escott zeolite the vs determined at H1 < 3 kJ.mol
- 1 was smaller than the solid volume determined by 
helium pycnometry and this result is not consistent with the hypothesis that helium adsorption is none 
zero (adsorption cannot be negative). Furthermore, at H1 < 3 kJ.mol
- 1 a wide variation in the values 
of H0 is produced and that result is not convincing because the strength of interaction between helium 
molecules and the adsorbents should be relatively independent of the type of solid 27-28. The regression 
results obtained for values of H1 of 3 kJ.mol
- 1 to 8 kJ.mol- 1 include feasible solid volumes vs, and 
similar values of H0 for all fours solids. This range of heat of adsorption values is then also consistent 
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then also consistent published heats of adsorption for helium on silicalite (3.9 kJ.mol- 1) 1, 5A zeolite 
(5.8 kJ.mol- 1), 13X zeolite (4.8 kJ.mol- 1), alumina (2.9 kJ.mol- 1), and BPL activated carbon 
(3.1 kJ/mol) 8. The narrow range of reported heats of adsorption for helium is related to the absence 
of permanent dipole or quadrupole moment of He and weak adsorbate-solid interactions which makes 
the heat of adsorption relatively independent of sorbent type 27-28. Therefore, although the regression 
analysis for these data sets leaves some uncertainty in the values of H1 the analysis and other reported 
heats of adsorption of helium on microporous adsorbents 1, 8, 13, 27-29 lead us to select H1 = 3 kJ.mol
- 1. 
The sensitivity of the measured helium adsorption capacities to this decision is illustrated by the error 
bars shown in Figure 7-6 to Figure 7-8. 
With H1 = 3 kJ.mol
- 1 the force balance model in Eq. 7-6 predictions of 
Calc
balm  for the measured weight
Meas
balm  of helium adsorbed on Escott zeolite have a standard deviation of 3.85×10
-5 g and average 
relative errors in the order of 10-4 % from the measured weight
Meas
balm , which indicates the model 
provides a good fit of the experimental data. The Henry’s Law constant for the helium adsorption on 
clinoptilolite at 303 K was 1.7 × 10
-2
 mmol.(kg.kPa)-1, which is the same order of magnitude as the 
Henry’s Law constant of 2.4 × 10
-3
 mmol.(kg.kPa)-1 that can be calculated for helium adsorption on 
silicate at a temperature of 303 K from the data provided by Gumma and Talu 1. These Henry’s Law 
constants for helium are much smaller than equilibrium parameters for more strongly adsorbed gases 
such as CO2 
25. Nonetheless, these results demonstrate measurable helium adsorption on clinoptilolite 
and the data supports the argument that the Henry’s Law constant is a critical parameter required to 
estimate void volumes from helium pycnometer measurements; this requirement is most critical for 
measurements of the surface excess isotherms performed at high pressures and low temperatures 8. 
Table 7-2 shows that the specific impenetrable solid volume of Escott zeolite determined by (i) the 
Gumma and Talu method was vs,GT =  0.461 cm
3/g and (ii) the standard helium pycnometry 8 was 
vPyc =  0.422 cm
3/g, which is 8.46 % smaller than vs,GT. The impenetrable solid volume from Gumma 
and Talu’s method will be used throughout this manuscript. Once vs,GT has been determined we return 
to the force balance in Eq. 2-2 to compute the helium adsorption isotherms for Escott zeolite presented 
in Figure 7-5 and Table 7-3. The helium adsorption capacities on Escott zeolite is shown in Figure 
7-5 are of similar magnitudes to helium uptakes on other narrow-pore inorganic materials reported in 
the literature. For example, we measured 0.067 mmol.g-1 helium uptake on Escott zeolite at 303 K 
and 3500 kPa and Gumma and Talu 1 reported 0.078 mmol.g-1 helium on silicalite at 302 K and 
3300 kPa. 
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Figure 7-5 Helium surface excess adsorption capacity on Escott zeolite measured by the gravimetric 
method at temperatures from 303 K to 343 K. The error bars marked on the 303 K isotherm represent 
the uncertainty in the helium adsorption capacity estimated from (1) the measurement uncertainty in 
the magnetic suspension balance and (2) the uncertainties that result from the data analysis procedures 
used to determine vs,GT, which includes the uncertainty due to the heat of adsorption. 
 
In Figure 7-5, the error bars marked on the 303 K isotherm represent the uncertainty in the helium 
adsorption capacity estimated from (1) the measurement uncertainty in the magnetic suspension 
balance and (2) the uncertainties that result from the data analysis procedures used to determine vs,GT, 
which includes the uncertainty due to the heat of adsorption described above. The resolution of the 
temperature sensors (Pt100Ω) was ±0.15 K, and thus the uncertainty introduced to the fitted 
parameters by the temperature measurements is considered to be negligible. Note that in the this 
method data from the Belsorp-BG pressure transducers is not used directly in the calculations of 
adsorption capacities or vs,GT (the measured fluid density is used); instead the measured pressure data 
is used only to locate each equilibrium data point on the pressure axes in Figures 5 – 8.  
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Table 7-3 Helium adsorption equilibrium data on the clinoptilolite-rich Escott zeolite. 
T=303 K  T=333 K 
P (kPa) ∆m (mg) Qa (mmol.g
-1)  P (kPa) ∆m (g) Qa (mmol.g
-1) 
309.4 -0.79 0.006  307.8 -0.71 0.007 
707.1 -1.83 0.009  709.6 -1.67 0.008 
1008.6 -2.61 0.013  1011.3 -2.38 0.012 
1507.7 -3.90 0.021  1508.7 -3.55 0.018 
2005.4 -5.18 0.030  2006.7 -4.71 0.027 
3006.4 -7.72 0.056  3004.5 -7.04 0.043 
3501.8 -8.99 0.067  3502.2 -8.19 0.054 
       
T=313 K  T=343 K 
P (kPa) ∆m (mg) Qa (mmol.g
-1)  P (kPa) ∆m (g) Qa (mmol.g
-1) 
309.6 -0.77 0.007  310.6 -0.71 0.005 
709.7 -1.76 0.014  709.7 -1.63 0.010 
1009.6 -2.54 0.012  1008.9 -2.31 0.010 
1507.1 -3.76 0.026  1508.5 -3.44 0.018 
2008.2 -5.02 0.031  2007.3 -4.58 0.029 
3002.6 -7.47 0.054  3003.3 -6.83 0.037 
3503.3 -8.71 0.064  3504.5 -7.96 0.049 
          
T=323 K 
  
P (kPa) ∆m (g) Qa (mmol.g
-1)     
307.1 -0.74 0.005     
708.4 -1.72 0.008     
1009.0 -2.45 0.012     
1507.6 -3.65 0.021     
2007.2 -4.87 0.026     
3003.6 -7.26 0.045     
3504.7 -8.45 0.059     
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Figure 7-6 Helium surface excess adsorption capacity on zeolite 3A measured by the gravimetric 
method at temperatures from 303 K to 343 K. The error bars marked on the 303 K isotherm represent 
the uncertainty in the helium adsorption capacity estimated from (1) the measurement uncertainty in 
the magnetic suspension balance and (2) the uncertainties that result from the data analysis procedures 
used to determine vs,GT, which includes the uncertainty due to the heat of adsorption. 
 
Figure 7-7 Helium surface excess adsorption capacity on zeolite 4A measured by the gravimetric 
method at temperatures from 303 K to 343 K. The error bars marked on the 303 K isotherm represent 
the uncertainty in the helium adsorption capacity estimated from (1) the measurement uncertainty in 
the magnetic suspension balance and (2) the uncertainties that result from the data analysis procedures 
used to determine vs,GT, which includes the uncertainty due to the heat of adsorption. 
175 
 
In addition to the Escott zeolite measurements, we determined vs,GT and excess adsorption capacities 
for helium on zeolite 3A, zeolite 4A and CMS 3K-172. The specific solid volumes and best-fit best-
fit parameters for Eq. 7-6 for these adsorbents are shown in Table 7-2. The excess helium adsorption 
capacities measured at (303 – 343) K and pressures up to 3500 kPa are presented Figure 7-6, Figure 
7-7 and Figure 7-8. Tabulated adsorption capacities for these adsorbents are included in the SI. The 
helium adsorption capacities measured at 3500 kPa and 303 K were 0.085 mmol.g-1 for 3A, 
0.096 mmol.g-1 on 4A and 0.089 mmol.g-1 on CMS. For these adsorbents the standard deviations of 
the model calculated total weights from the measured data ( )
bal bal
Calc Measm m  show that the model provides 
a good fit to the measured data. There is some scatter in the isotherm data points measured at different 
temperatures, for example in Figure 7-8 some equilibrium data points for CMS 3K-172 show higher 
adsorption capacities at 333 K than at 323 K. However, as the heats of adsorption and adsorption 
capacities for helium are small these results are well within the estimated uncertainty of the 
measurement and data analysis procedures that are indicated by error bars on each excess adsorption 
isotherm figure. The uncertainty in the helium adsorption measurement reported here could be 
improved by performing the measurements at a wider temperature range than we could perform on 
our laboratory apparatus (Belsorp-BG), for example experiments could be performed on other 
gravimetric instruments at cryogenic temperatures through to approximately 515 K. 
 
Figure 7-8 Helium surface excess adsorption capacity on carbon molecular sieve CMS 3K-172 
measured by the gravimetric method at temperatures from 303 K to 343 K. The error bars marked on 
the 303 K isotherm represent the uncertainty in the helium adsorption capacity estimated from (1) the 
measurement uncertainty in the magnetic suspension balance and (2) the uncertainties that result from 
the data analysis procedures used to determine vs,GT, which includes the uncertainty due to the heat of 
adsorption. 
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7.5 High pressure adsorption equilibria of nitrogen and carbon dioxide 
Measurements of CO2 and N2 on the Escott zeolite, zeolite 4A and CMS were made at pressures in 
the range (10 – 4500) kPa and at temperatures close to room temperature, and then excess adsorption 
capacities were calculated using (i) the vs,GT determined by the Gumma and Talu method and (ii) the 
vs,Pyc determined by standard helium pycnometry. Figure 7-9 shows the excess adsorption isotherms 
determined for CO2 and N2 using each of these methods. The adsorption capacities for CO2 and N2 
on 4A and CMS that we measured are consistent with results reported in other studies with these 
materials 30-33. The tabulated equilibrium data and differences between results obtained with the two 
methods, 
PycGT
Q Q Q    where 
GTQ  is calculated with vs,GT and PycQ  with vs,Pyc, are provided in 
Table 6S of the SI. The deviation 
PycGT
Q Q Q    is greatest when (a) the error between the true void 
volume and standard helium pycnometry void volume is large (Table 7-2) and (b) the adsorption 
capacity of CO2 or N2 is small. For example, the relative error associated with the vs,Pyc determined 
under the assumption of zero helium adsorption in the measured CO2 capacity of 0.966 mmol.g
-1 on 
Escott zeolite at 3500 kPa is approximately 5.1 % but for the less-strongly adsorbed N2 on Escott 
zeolite (0.276 mmol.g-1 N2) this error grows to be as large as 28 % at pressures up to 5000 kPa. 
However, as zeolite 4A adsorbed a lot more N2 and CO2 than the Escott zeolite the 11 % difference 
in impenetrable void volumes of 4A determined by the two methods results in an underestimation of 
only 0.085 mmol.g-1 (6 %) for N2 at 3393 kPa and 0.115 mmol.g
-1 CO2 at 3990 kPa (3 % error). The 
adsorption capacities of helium, CO2 and N2 on CMS 3K-172 are similar to the capacities on 4A, and 
for CMS the differences in adsorption capacities due to the method for determining vs is only 2.6 % 
for CO2 at 3492 kPa and 2.9 % for N2 at 4500 kPa. 
These results show that measurement errors in the true adsorbent volume determined in typical 
commercial adsorption instruments by helium pycnometry at pressures up to 500 kPa introduce only 
minor errors in adsorption capacities measured at high pressures if the adsorbent has a high adsorption 
capacity. However, as the Escott results highlight, if the adsorbent has narrow pores than the 
adsorption of helium during pycnometry may lead to material errors in the measurement of adsorption 
capacities of other gases (CO2, N2) at high pressures. This error may be more noticeable in volume 
calibration of adsorbents using helium at high pressures or low temperatures and affects the accuracy 
of the adsorption measurements. 
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Figure 7-9 Change in adsorption capacity of carbon dioxide (♦) and nitrogen (●) adsorption 
(mmol.g - 1) on Escott zeolite (at 303 K), zeolite 4A (at 298 K) and CMS (at 313 K) by using (i) the 
specifc impenetrable solid volume vs,GT from Gumma and Talu 
1 (filled symbols) and (ii) the specific 
impenetrable solid volume vs,Pyc from standard helium pycnometry (empty symbols). 
 
7.6 Conclusion 
We applied the method of Gumma and Talu 1 to determine impenetrable volumes of a clinoptilolite-
rich natural Escott zeolite, zeolite 3A, zeolite 4A and CMS 3K-172, and helium adsorption isotherms 
using a gravimetric adsorption apparatus. This method is not constrained by the assumption that 
helium adsorption is zero during the procedures to determine the impenetrable solid volume, and thus 
this method may be useful for characterisation of narrow-pore adsorbents that may adsorb significant 
volumes of helium at low temperatures and high pressures. The equilibrium helium adsorption 
capacities measured at 3500 kPa and 303 K were 0.067 mmol.g-1 on Escott, 0.085 mmol.g-1 on zeolite 
3A, 0.096 mmol.g-1 on zeolite 4A and 0.089 mmol.g-1 on CMS 3K-172. The heat of adsorption of 
helium on each adsorbent was estimated to be 3 kJ.mol-1, and although this result is consistent with 
other studies, the precise determination of this parameter was limited by the range of temperatures 
we could measure on our apparatus and better results may be possible with measurements at a wider 
range of temperatures. 
The true specific solid volumes determined by this method were 10 – 15 % larger than the specific 
solid volumes measured by standard helium pycnometry and this error can result in uncertainties of 
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2.6 – 28 % in the adsorption capacities of CO2 and N2 on these sorbents at high pressures. The errors 
were largest for N2 on the Escott zeolite which had the lowest equilibrium adsorption capacity for N2. 
These results support the need to consider helium adsorption in characterisation of adsorbents with 
narrow pore sizes; this consideration may be most critical if the adsorbent is being evaluated for use 
in a helium purification process or for use in an adsorption process that operates at low temperatures 
or high pressures. However, the effect of helium adsorption during the determination of solid volumes 
on the CO2 and N2 equilibrium capacities measured for 4A and CMS 3K-172 in this study also suggest 
that for many adsorption applications the standard helium pycnometry methods are satisfactory. 
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7.8 Supporting Information 
 
Figure SI 7-1 Nitrogen adsorption isotherm measured at 77 K on clinoptilolite-rich Escott zeolite, 
zeolite 3A, zeolite 4A and carbon molecular sieve 3K-172 (CMS) using the Tristar II instrument. 
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Figure SI 7-2 (A) CO2 adsorption isotherms measured at 273 K on clinoptilolite-rich Escott zeolite, 
zeolite 3A, zeolite 4A and carbon molecular sieve 3K-172 (CMS) using the Tristar II instrument. (B) 
Pore size distributions calculated from CO2 isotherms by density functional theory algorithm. 
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Figure SI 7-3 Powder XRD pattern of Escott zeolite collected on a Bruker Advanced X-ray 
diffraction instrument (40 kV, 30 mA) with Cu Kα (0.15406 nm) radiation at a scanning rate of 2 
°C/min from 10 to 90° 
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Figure SI 7-4 MAS NMR spectra of Escott zeolite. The 29Si MAS NMR spectra were recorded at 
59.62 MHz using 4.70 µs pulse with a range 2 s recycle time and 4– 16 × 103 scans. 27Al MAS NMR 
spectra were recorded at 78.2 MHz using a 3.6 µs pulse with a 1 s recycle delay and 2–16 × 103 scans. 
NH4 Al (SO4)2 . 12H2O was used as a reference for the chemical shifts, and the samples were spun at 
10 kHz.  
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Table SI 7-1 Escott zeolite XRF chemical analysis of major elements (Zeolite Australia technical 
data sheet). 
Major Element Zeolite Rock (%) 
SiO2 68.26 
TiO2 0.23 
AlO3 12.99 
Fe2O3 1.37 
MnO 0.06 
MgO 0.83 
CaO 2.09 
Na2O 0.64 
K2O 4.11 
P2O5 0.06 
SO3 0 
Others 8.87 
 
 
Table SI 7-2 Quantitative analysis of framework and  total Si/Al ratio calculated by the 27Al NMR 
spectra and elemental analysis of Escott zeolite. The main signal at 55 ppm of the 27Al NMR spectra 
(Figure 4S) associated to tetrahedral aluminium species and an additional line pick at 0 ppm, 
associated with extra-framework octahedral aluminium species. The percentage of tetrahedral 
framework and octahedral extra-framework aluminium in each sample is shown in this table. The 
total Si/Al ratio, (Si/Al)total, determined by chemical analysis and the framework Si/Al ratio(Si/Al)fw 
determined from 27Al MAS NMR used the equation: (Si/Al)fw=(Si/Al)total I55 /(I55+I0), where I55 and 
I0 are the integrated area intensities of signals at 55 and 0 ppm, respectively. 
Tetrahedral-Al (%) Octahedral-Al (%) (Si/Al)total (Si/Al)fw 
96.9 3.1 6.797 6.587 
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Figure SI 7-5 The effect of changing H1 value in regression of Equation 6 model to measured 
adsorption data sets on the model parameters H0 and vs, and indication of overall goodness of fit using 
standard deviation (SD)   
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Table SI 7-3 Helium adsorption equilibrium data on the zeolite 3A. 
T=303 K  T=333 K 
P (kPa) ∆m (mg) Qa (mmol.g
-1)  P (kPa) ∆m (g) Qa (mmol.g
-1) 
310.3 -1.10 0.004  310.755 -1.04 0.001 
707.6 -2.46 0.012  708.085 -2.25 0.005 
1007.7 -3.46 0.018  1011.06 -3.17 0.012 
1506.8 -5.15 0.029  1507.032 -4.68 0.024 
2010.8 -6.83 0.042  2007.19 -6.19 0.037 
2506.8 -8.47 0.054  2504.699 -7.74 0.044 
3003.7 -10.10 0.069  3008.574 -9.24 0.060 
3505.3 -11.74 0.085  3505.627 -10.75 0.072 
       
T=313 K  T=343 K 
P (kPa) ∆m (mg) Qa (mmol.g
-1)  P (kPa) ∆m (g) Qa (mmol.g
-1) 
310.0 -1.02 0.005  311.98 -1.04 0.001 
707.5 -2.31 0.014  709.358 -2.23 0.003 
1008.1 -3.29 0.020  1010.2 -3.12 0.007 
1506.8 -4.91 0.031  1508.001 -4.61 0.016 
2007.6 -6.53 0.043  2009.623 -6.08 0.030 
2507.5 -8.14 0.055  2506.114 -7.52 0.045 
3004.7 -9.74 0.068  3005.835 -8.99 0.057 
3503.7 -11.34 0.081  3507.402 -10.4339 0.074 
       
T=323 K   
P (kPa) ∆m (g) Qa (mmol.g
-1)     
307.9 -1 0.000     
708.0 -2.26 0.005     
1008.9 -3.21 0.013     
1505.2 -4.78 0.021     
2007.9 -6.35 0.032     
2504.4 -7.9 0.046     
3000.8 -9.43 0.061     
3504.6 -10.97 0.078     
       
  
189 
 
Table SI 7-4 Helium adsorption equilibrium data on the zeolite 4A. 
T=303 K  T=323 K 
P (kPa) ∆m (mg) Qa (mmol.g
-1)  P (kPa) ∆m (g) Qa (mmol.g-1) 
307.2 -0.865 0.008  308.5 -0.809 0.002 
708.2 -2.005 0.016  708.7 -1.869 0.006 
1005.8 -2.855 0.021  1008.2 -2.639 0.011 
1506.4 -4.265 0.034  1507.1 -3.929 0.020 
2007.3 -5.655 0.051  2006.6 -5.229 0.032 
3003.9 -8.455 0.078  3001.4 -7.799 0.044 
3502.2 -9.835 0.096  3504.3 -9.079 0.070 
      
T=313 K  T=343 K 
P (kPa) ∆m (mg) Qa (mmol.g-1)  P (kPa) ∆m (g) Qa (mmol.g
-1) 
309.8 -0.752 0.009  307.6 -0.796 0.004 
708.1 -1.852 0.011  708.3 -1.796 0.008 
1009.4 -2.652 0.020  1009.8 -2.546 0.014 
1508.2 -3.992 0.030  1508.9 -3.776 0.027 
2004.7 -5.332 0.040  2006.6 -5.006 0.039 
3004.5 -7.972 0.071  3006.6 -7.456 0.067 
3505.7 -9.282 0.090  3505.9 -8.686 0.080 
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Table SI 7-5 Helium adsorption equilibrium data on carbon molecular sieve 3K-172. 
T=303 K  T=333 K 
P (kPa) ∆m (mg) Qa (mmol.g
-1)  P (kPa) ∆m (g) Qa (mmol.g
-1) 
310.6 -1.25 0.010  311.1 -1.16 0.008 
707.6 -2.91 0.018  709.6 -2.68 0.016 
1008.4 -4.17 0.024  1007.9 -3.83 0.020 
1508.7 -6.23 0.036  1511.9 -5.70 0.034 
2006.1 -8.28 0.049  2007.2 -7.55 0.047 
2506.0 -10.32 0.063  2506.9 -9.40 0.061 
3002.7 -12.35 0.076  3004.3 -11.26 0.074 
3504.0 -14.41 0.089  3504.0 -13.11 0.086 
       
T=313 K  T=343 K 
P (kPa) ∆m (mg) Qa (mmol.g-1)  P (kPa) ∆m (g) Qa (mmol.g-1) 
309.2 -1.23 0.008  311.2 -1.11 0.010 
710.8 -2.87 0.014  711.1 -2.59 0.017 
1009.4 -4.08 0.020  1012.4 -3.69 0.024 
1508.7 -6.08 0.032  1512.4 -5.53 0.035 
2009.0 -8.07 0.044  2009.6 -7.34 0.047 
2504.7 -10.04 0.057  2505.8 -9.17 0.057 
3004.4 -12.02 0.071  3005.7 -11.01 0.067 
3505.6 -13.99 0.085  3505.1 -12.84 0.079 
       
T=323 K  
P (kPa) ∆m (g) Qa (mmol.g-1)     
308.4 -1.17 -0.001     
708.2 -2.72 0.008     
1008.8 -3.90 0.014     
1511.0 -5.82 0.028     
2008.3 -7.71 0.043     
2505.5 -9.62 0.056     
3006.0 -11.54 0.069     
3506.4 -13.47 0.081     
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Table SI 7-6 Measured carbon dioxide and nitrogen adsorption equilibrium data on Escott zeolite at 
303 K, zeolite 4A at 298 K and CMS 3K-172 at 313 K determined with solid volume vs,GT. The 
difference ΔQ is calculated as 
PycGT
Q Q Q    where GTQ  is calculated with vs,GT and PycQ  calculated 
with vs,Pyc. 
 
 
P (kPa) Qµ ( mmol.g
-1) ΔQ ( mmol.g-1) P (kPa) Qµ ( mmol.g
-1) ΔQ ( mmol.g-1) 
CO2 N2 
Escott zeolite 
7.3 0.188 0.000 10.294 0.003 0.000 
27.6 0.326 0.000 27.163 0.008 0.000 
70.2 0.440 0.001 70.919 0.019 0.001 
101.1 0.489 0.001 101.427 0.026 0.002 
300.5 0.619 0.003 301.675 0.056 0.005 
699.9 0.730 0.008 701.496 0.096 0.011 
998.9 0.778 0.012 1000.448 0.118 0.015 
1497.1 0.838 0.018 1499.371 0.148 0.023 
1996.7 0.878 0.025 1998.854 0.173 0.031 
2991.6 0.937 0.040 2995.317 0.211 0.047 
3492.7 0.966 0.049 3495.837 0.230 0.054 
   3994.983 0.246 0.062 
   4492.757 0.262 0.070 
   4991.904 0.276 0.078 
Zeolite 4A 
1 0.657 0.000 10.33 0.013 0.000 
20.523 2.019 0.000 27.716 0.036 0.001 
67.546 2.509 0.001 70.659 0.094 0.002 
98.737 2.655 0.002 101.419 0.134 0.002 
298.917 2.975 0.007 300.647 0.299 0.006 
698.042 3.241 0.016 698.389 0.580 0.014 
998.391 3.373 0.023 998.725 0.758 0.020 
1496.535 3.512 0.035 1498.33 0.956 0.031 
1994.793 3.615 0.049 1996.447 1.112 0.042 
2991.262 3.744 0.079 2992.806 1.302 0.063 
3492.014 3.805 0.096 3494.876 1.398 0.074 
3990.02 3.857 0.115 3993.285 1.473 0.085 
CMS 3K-172 
2.822 0.167 0.000 10.314 0.005 0.000 
23.683 0.742 0.001 27.549 0.014 0.000 
65.771 1.285 0.001 71.846 0.039 0.000 
98.679 1.556 0.002 102.615 0.058 0.001 
292.583 2.364 0.007 298.154 0.251 0.003 
694.862 2.958 0.016 692.261 0.690 0.010 
997.832 3.167 0.023 998.475 0.915 0.015 
1496.438 3.364 0.036 1497.723 1.065 0.020 
1995.519 3.478 0.049 2002.288 1.117 0.023 
2494.208 3.548 0.064 2501.188 1.131 0.025 
2993.816 3.591 0.079 3001.446 1.155 0.028 
3492.047 3.617 0.095 3502.156 1.190 0.031 
   3999.247 1.226 0.034 
   4500.409 1.259 0.037 
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This work focuses on design, development, and analysis of novel adsorbents for separation of 
mixtures containing CO2, CH4, N2 and He. The first parts of the thesis (Chapter 4 and Chapter 5) 
presented activated carbon foam from (1) petroleum tar pitch and coal mixture and (2) banana 
peel + zinc complex, and their use as adsorbents for CH4, CO2, and N2 adsorption. In Chapter 6, the 
interaction of CH4, CO2, and N2 with ZIF-7 as a narrow-pore adsorbent with flexible structures were 
measured at a wide pressure range of up to 5000 kPa and ZIF-7’s CH4, and CO2 selective results were 
reported. The penultimate chapter presented the He adsorption measurement on some commercial 
narrow-pore adsorbents and demonstrated an experimental workflow to determine adsorbent’s true 
void volume. 
8.1 Conclusion 
In this study, activated carbon foams were synthesized at low pressure using two different low-cost 
and available precursors and preparation methods: 
(1) First, petroleum tar pitch (TP) was used as a precursor to prepare carbon monoliths with 
hierarchical pore structure and good gas adsorption capacities. Typically carbon foams produced at 
low pressures from pre-treated pitch without any additional foam stabilization steps contain large 
pore volumes after carbonization but have low bulk density 1-5. In this study, the addition of coal 
particles to the treated-TP was found to be an efficient method to stabilize the foam without a need 
for high-pressure treatment as well as to increase the density of adsorption sites in the foam. The 
carbon foams had an open channel structure with large volumes of micro-, meso- and macroporosity, 
which characterize a suitable adsorbent for the gas separation or storage applications. The micropore 
volume created during the KOH activation process increased with the ratio of TP to coal. Increase in 
KOH to TP+coal ratio up to 1:1 also develops microporosity. However, at chemical to carbon 
precursor ratios greater than 1:1 I was unable to produce monolithic carbons as the high 
concentrations of KOH decreased the mechanical strength of resultant carbon monoliths. The carbon 
monoliths revealed high CO2 adsorption capacities measured at low pressures (up to 140 kPa) that 
are comparable to adsorbents reported in the literature. High-pressure adsorption of CO2 and CH4 
showed that the prepared carbons have reasonable adsorption capacity. 
(2) The second type of carbon foam developed in this thesis was a monolithic carbon foam with 
an open cellular structure that was synthesized from banana peel using a soft-template method with 
zinc nitrate, furfural, and 2-aminophenol. A similar approach was utilized by Lv et al.6 to produce 
self-templated hierarchical carbon foams with surface nitrogen-containing functional groups that may 
present attractive properties for supercapacitor electrodes. In this thesis, I extended the self-templated 
carbon foam synthesis methods to investigate the effects of carbonization temperature and post-
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carbonization CO2 activation on the carbon foam structure. I also examined the influence of the 
carbon foam’s nitrogen content on the adsorption equilibrium capacities of CO2, CH4, and N2.  
Characterization and adsorption measurement results of the synthesized carbon foams with and 
without additional CO2 activation at different activation temperature range of (1023-1373) K showed 
that the carbon foam prepared at 1273 K under CO2 environment for 1 hour (CBF-1273-CO2-1h) 
exhibited the highest CO2 and CH4 adsorption capacities and the most promising CO2/N2 equilibrium 
selectivity. The adsorption capacities for CO2, CH4, and N2 on CBF-1273-CO2-1h measured at 298 K, 
and 4000 KPa were about 63 %, 76 %, and 34% higher, respectively than the capacities on the 
carbons prepared only by self-templated methods without an additional CO2 activation. The 
adsorption uptake of CO2 on CBF-1273-CO2-1h at 298 K and 4000 kPa is 9.21 mmol.g
-1, which is 
higher than most of the activated carbon monoliths and other carbon foams reported 7. This value is 
also greater than the capacity of activated carbon monolith derived from tar pitch and coal reported 
in Chapter 4 (7.4 mmol CO2.g
-1 at 298 K and 3500 kPa). The CO2 selectivity of this CBF is about 1.5 
times higher than the selectivity of coal + pitch-based activated carbon monolith and higher than some 
other reported structured carbons8-10, biomass-based activated carbons 11 and commercial activated 
carbons12-13. 
The effect of surface chemistry on the CO2 uptake of the carbon foams was also investigated and it 
was found that after carbonization of the mixture of banana peel plus furfural and 2-aminophenol at 
1273 K, the nitrogen from 2-aminophenol and any naturally occurring N in the banana peel was 
converted to pyridinic-N, pyrrolic/pyridone-N, and quaternary-N structures. Comparing the 
normalized CO2 adsorption capacities for bulk nitrogen concentrations and micropore surface area 
showed that both nitrogen functional groups and microporosity are critical parameters in equilibrium 
CO2 uptake of the carbon foams. 
Table 8-1 A summary of the synthesized adsorbents in Chapter 4, 5 and 6 and their equilibrium 
capacity of CH4, CO2, and N2. 
Adsorbent Form 
CO2 capacity 
(mmol.g-1) 
CH4 capacity 
(mmol.g-1) 
N2 capacity  
(mmol.g-1) 
100 kPa 2000 kPa 100 kPa 2000 kPa 100 kPa 2000 kPa 
TP+coal powder carbon 
monolith (Chapter 4) 
Monolith 3.2 7.146 1.46 4.631 0.54 2.991 
Banana peel derived 
carbon foam (Chapter 5) 
Monolith 2.7 8.19 1 4.47 0.35 2.55 
ZIF-7 (Chapter 6) Powder 1.433 2.042 0.065 1.787 0.017 0.198 
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Although the synthesized carbon foams showed promising CO2 adsorption capacity and reasonable 
CO2 selectivity over N2, similar to other reported activated carbons in the literature the CO2/CH4 and 
CH4/N2 selectivity were not high. Adsorption-based separation of N2 from CH4 rich streams is a 
challenging process due to very similar physical properties of theses gas molecules such as their 
kinetic molecular diameter, polarizability, quadrupole and dipole moments. ZIF-7 with flexible 
framework structures have been reported to have a phase change (pore opening) in the presence of 
some gas molecules such as CO2, ethane, ethylene, C2 and C3 alkanes allowing molecules larger than 
its pore size to enter the main cavities. The selective uptake of CO2 over CH4 in ZIF-7 has been 
proposed at pressures up to 1000 kPa, for example by Wu, et al. 14 who measured S-shaped CO2 
isotherms indicative of the ZIF gate opening phenomena in two apparatus at pressures up to about 
110 kPa and up to 1000 kPa. However, Wu, et al. 14 and other studies have often only measured the 
CH4 sorption isotherms at low pressures (up to 130 kPa), and there are only a small number of more 
detailed investigations that focussed on the interaction of CH4 with ZIF-7 (such as that by Du et al.
15). 
 In this thesis, I investigated the interaction of ZIF-7 with CH4, CO2, and N2 in wide pressure range 
of 10 – 5000 kPa and temperatures of 303-323 K. Gate opening or breathing effects of ZIF-7 in the 
presence of CO2 and CH4 at temperature of 303 K was observed to start from pressure of about 78 kPa 
and 1245 kPa, respectively. However, the structural transition pressures increased by increasing the 
adsorption temperature. This breathing effect of ZIF-7 in presence of CH4 results in a promising high 
IAST selectivity of 10.1 for CH4 over N2 from an equimolar CH4 + N2 mixture at 1500 kPa and 
303 K. The similar behaviour of ZIF-7 in the presence of CO2 also gives an equilibrium selectivity 
of 24 for CO2 over CH4 and 101 for CO2 over N2 at 303 K and 100 kPa. These results are of 
significance in the development and design of ZIF based adsorption technologies for (a) removal of 
CO2 from CH4 in natural gas or biogas, and (b) capture of CH4 emissions from other industrial gas 
streams such as coal mine ventilation air methane.  
The final investigation of this thesis was to confirm and measure the adsorption of helium, as another 
valuable component of NG, on narrow micropore adsorbents such as a clinoptilolite-rich natural 
Escott zeolite, zeolite 3A, zeolite 4A and CMS 3K-172. The helium adsorption procedure extends the 
previous works by Gumma and Talu 16 to determine the impenetrable solid volume of the adsorbent, 
which in standard helium pycnometry is determined under the assumption that helium does not adsorb 
at room temperature. Using a gravimetric adsorption apparatus, I determined impenetrable volumes 
and helium adsorption isotherms of the adsorbents. The equilibrium helium adsorption capacities 
measured at 3500 kPa and 303 K were 0.067 mmol.g-1 on Escott, 0.085 mmol.g-1 on zeolite 3A, 
0.096 mmol.g-1 on zeolite 4A and 0.089 mmol.g-1 on CMS 3K-172. These results confirm helium 
adsorption on these solids is small, but not zero. The true specific solid volumes determined by the 
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applied method were 10 – 15 % larger than the specific solid volumes measured by standard helium 
pycnometry and this error can result in uncertainties of 2.6 – 28 % in the adsorption capacities of CO2 
and N2 on these sorbents at high pressures. The errors were largest for N2 on the Escott zeolite which 
had the lowest equilibrium adsorption capacity for N2. These results support the need to consider 
helium adsorption in the characterization of adsorbents with narrow pore sizes; this consideration 
may be most critical if the adsorbent is being evaluated for use in a helium purification process or for 
use in an adsorption process that operates at low temperatures or high pressures. However, the effect 
of helium adsorption during the determination of solid volumes on the CO2 and N2 equilibrium 
capacities measured for 4A and CMS 3K-172 in this study also suggest that for many adsorption 
applications, the standard helium pycnometry methods are satisfactory. 
8.2 Recommendations for future work 
For future work, further efforts in the development of materials, and the adsorption measurements of 
the prepared adsorbents are recommended. The additional analysis would improve the current 
understanding of the studied synthesized materials and processes. For these reasons the following 
recommendations are made: 
8.2.1 Synthesis of novel structured carbon foams with good adsorption properties using other 
additives as stabilizer  
My experiments demonstrate a route to synthesize tar pitch + coal-based carbon foam with high gas 
adsorption capacities. Extension of this work to consider other types of additives such as carbon 
nanotube, graphene would be interesting to both (1) understand the role of the filler particles, during 
foaming mechanism, and (2) optimize the carbon monolith structure. 
8.2.2 Optimization of activation method as a critical stage in microporous activated carbon 
development 
In the case of tar pitch + coal based carbon foams, the activation process of carbons needs to be 
optimized by using different activation agents and determination of the agent to precursor ratio. 
Another challenge is to find alternative complexing agents that have a lower environmental toxicity 
to the zinc salts in the development of monolithic carbon foams from banana peel using a soft-
template method. Investigation on the production of CO2 activated carbon foams directly from the 
furfural + aminophenol resin also would be interesting. 
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8.2.3 Production of tar pitch-based carbon foams at high-pressure high-temperature condition  
This thesis included only low-pressure foam preparation method. Pressure is known to be one of the 
important foaming parameters on the final modified pitch based foam structures 17. It would be possible 
to control the micro/macro structure of the final pitch-based carbon foam in a closed container by adjusting 
its pressure 7. Similar to the studied approach in this work (Chapter 4), a foaming mechanism at higher 
pressures and roll of carbon-based additives on the density and adsorption characteristics of the carbon 
products need to be studied in detail. 
8.2.4 Adsorption measurements of gas mixtures 
The selectivity approach mentioned in this work was a primary screening tool for characterization of 
the studied adsorbents (carbon foams and ZIF-7). Following the calibration of the adsorbents for 
single-component adsorption, measurements with gas mixture are necessary to be studied, especially 
in the case of ZIF-7 which its adsorption capacity for a particular gas may be significantly affected 
by other elements of a gas mixture. Also, due to the presence of moisture in the natural gas streams, 
study the effect of humidity/moisture on adsorption capacity, selectivity and mechanical stability of 
the developed structures would be necessary. 
8.2.5 Study the adsorption kinetics  
In this study, high-pressure adsorption equilibrium of CO2, CH4, and N2 was reported on different 
synthesized and or commercial adsorbents. To design a PSA process, having the adsorption kinetics 
data of gases is also as important as knowing their equilibrium adsorption capacity on the adsorbents. 
So, it is recommended to determine the adsorption kinetics of the above-mentioned gases on the 
prepared/commercial adsorbents reported in this study such as the structured carbons, ZIF-7, and the 
molecular sieves in future studies. 
8.2.6 Helium adsorption measurement at a wider temperature and pressure range 
The uncertainty in the helium adsorption measurements (Chapter 7) reported here could be improved 
by performing the measurements at a wider temperature and pressure range than we could perform 
on our laboratory apparatus (Belsorp-BG). For example, experiments could be conducted on other 
gravimetric instruments at cryogenic temperatures through to approximately 515 K or higher 
pressures in the order of 10 MPa. 
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